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I. SUMMARY 


The successful application of high creep strength, directionally solidified 7 / 7 6 (Ni-19.7Cb- 
6Cr-2.5 Al) eutectic superalloy turbine blades requires the development of suitable coatings 
for airfoil, root and internal blade surfaces. Coating development and evaluation efforts un- 
der NASA Contract NAS3-16792 identified coating systems which demonstrated significant 
potential for protecting the y/y'- 8 alloy in a high temperature turbine environment and, at 
the same time, indicated some areas which required additional investigation. In order to 
further improve coatings for the yjy ' - 8 alloy, the current investigation had the goals of 1 ) 
refining promising coating compositions for directionally solidified eutectics, 2 ) evaluating 
the effects of coating/substrate interactions on the mechanical properties of the alloy, and 3) 
evaluating diffusion aluminide coatings for internal sufaces. Electron beam vapor deposition, 
sputtering, and diffusion aluminizing coating techniques, singly or in selected combinations, 
were employed to fabricate seven candidate coating systems for protecting the 7 / 7 8 di- 
rectionally solidified (D.S.) eutectic alloy. 

Burner rig cyclic oxidation, furnace cyclic hot corrosion, ductility, and thermal fatigue tests 
indicated that NiCrAlY+Pt (63 to 127/Lt Ni-18Cr-12Al-0.3Y + 6fx Pt) and NiCrAlY (63 to 
127ju Ni-18Cr-12Al-0.3Y) coatings are capable of protecting high temperature gas path sur- 
faces of eutectic alloy airfoils. Burner rig (Mach 0.37) testing indicated that the useful coat- 
ing life of the 127^ thick coatings exceeded 1000 hours at 1366 K (2000‘’F). 

Comparative burner rig testing of the candidate coating systems on the 7 / 7 '- 6 and D.S. 
MAR-M 200 + Hf alloys indicated that the thermal fatigue resistance of a given coating sys- 
tem was dependent on the coating-substrate thermal expansion mismatch strain (Ae^j^) as 
shown in Figure 1 for NiCoCrAlY coatings. Minimizing Ae^ in the coating enhances the 
thermal fatigue resistance of the coating-substrate system. 



APPROX. ACq, ~ %: 0.42 0.23 

Figure 1 Effect of Coating-Substrate Thermal Expansion Mismatch Strain ( Ae^ on Crack Initiation 

in NiCoCrAlY Coating During 1366 K^clic Oxidation Burner Rig Tests. 


Cyclic furnace hot corrosion testing (1 172 K for 250 hours) indicated that NiCrAlY, NiCrAlY 
+ Pt, NiCoCrAlY, NiCoCrAlY + Pt and Pt + A1 coatings provide a agnificant amount of pro- 
tection in a Na9S04 contaminated environment. Hot corrosion f^lures were observed m 
low aluminum NiCrAlY + diffusion aluminide and gas phase aluminide coated 7/7 - 6 speci- 
mens during the course ot these tests. 

Analysis of ductility tests conducted at 578 K indicated that the mechanical properties of 
the coating could affect the fracture strain of the eutectic alloy substrate as indicated in 
Figure 2 In order to put these results into perspective, it should be noted that the purpose 
of this tensile ductility test is to verify that the fracture strains of the coaUngs exceed values 
(0 15 to G 35 percent strain) which are expected in a typical gas turbine airfoil. These re- 
sults indicate that the fracture strains of all the coating systems which have been evaluated on 
the 7/7 ’- 5 alloys exceed the magnitude of anticipated thermal strains with the possible ex- 
ception of the NiCrAlY + A1 system. 
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Figure 2 578 K Ductility Tests of Coated 7/7 5 (60) show the Influence of the Coating on Fracture 

Strain of the Substrate. 

Thermomechanical fatigue tests indicated that, for a given strain range, the maximum tempera- 
ture and/or temperature range significantly affect specimen life as shown in Figure 3. 

Isothermal fatigue and furnace hot corrosion tests indicated that 63p NiCrAlY, NiCrAlY + Pt 
and platinum modified diffusion aluminide (Pt + Al) coating systems are capable or protect- 
ing the relatively cooler surfaces of the blade root. Test data and a fracture mechanics ana- 
lysis showed that coating thickness has a significant effect on both coating crack initiation 
and specimen failure. Fatigue data for 66 and 1 21 n NiCrAlY coated 7/7 ' - 5 specimens Ulus- 
trates this behavior in Figure 4. 
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MAXIMUM TEMPERATURE: 1200 K 1311 K 1422 K 

MINIMUM TEMPERATURE: 755 K 700 K 700 K 

NUMBER OF TESTS: 2 2 1 

Qfcle I (0.3% Strain Range) Thermomechanical Fatigue Life of NiCrAlY and NiCrAlY + Pt 
Coated 7 / 7 6 (6Cr) Alloy. 



Figure 4 Effect of NiCrAlY Coating Thicknesson 977 K Isothermal Fatigue of yh'- 8(6Cr) Alloy. 

Evaluation of a gas phase coating process for diffusion aluminizing internal surfaces and cool- 
ing holes of air-cooled 7 / 7 6 blades indicated that the 7/7 'phase regions in the substrate 
microstructure were aluminized to about twice the depth of the 5 phase platelets. 




II. INTRODUCTION 


Increased turbine inlet temperatures and/or increased rotor speeds (resulting in higher blade 
stresses) in advanced gas turbine engine designs require turbine materials with strength and 
temperature capabilities beyond those of current generation nickel-base superalloys. Direc- 
tionally solidified eutectic superalloys containing Ni3 Cb (6 phase) reinforcing platelets m a 
Ni-3 A1 (7 ' ) strengthened nickel-chromium solid solution (7) matrix have a potential tempera- 
ture advantage of 56 to 83 K (100 to 150°F) at a given stress (or 40 to 60 percent increase 
in load carrying capability at a given temperature) over current nickel-base superallop an 
represent a class of alloys that is a candidate to meet the challenge of advanced turbine 
material requirements. 


Oxidation characteristics of this Ni-19.7Cb-6 Cr-2.5A1 alloy, which will subsequently be 
referred to as 7/7 -5, are such that protective coatings are required over a wide range ot 
temperatures (refs. 1, 2 and 3). Depending upon the exposure temperature, two types of 
behavior are possible. At relatively low temperatures (below -1073 K), selective oxidation 
of the 5 phase occurs, while at higher temperatures, diffusion in the eutectic alloy promotes 
a more uniform mode of oxidation. Between approximately 1073 and 1373 K, a contin- 
uous 7 layer forms adjacent to a relatively planar scale. At higher temperatures (above 
about 1423 K), the 5 phase becomes continuous between the eutectic alloy and the oxide 
scale. In both cases, the rate at which oxidation proceeds is unacceptable, and development 
of suitable coatings is therefore an important factor for the successful utilization of eutectic 

alloy turbine components. 


A preliminary evaluation of the compatibility and oxidation resistanp of selected ^jJJ^^on 
and overlay coatings on eutectic alloys was performed at Pratt & Whitney Aircraft (P&WA). 
The 1366 K (2000°F) cyclic oxidation burner rig test indicated that the diffusion coatings 
examined did not provide any significant protection for the 7/7 -5 alloy at this temperature. 
One specimen failed after nine hours due to melting while the remaining specimens were 
severely oxidized after 140 hours of exposure, or less. In contrast to the diffusion coatings, 
a NiCrAlY overlay coating on 7/7 -5 experienced only moderate degradation after exposure 
for 700 hours in this test. A CoCrAlY overlay coating on a 7 (Ni-23Cb-4.4Al) alloy 

exhibited cracking in the as-coated (fully processed) condition. Such cracking was attnbuted 
to formation of a brittle phase at the coating-alloy interface and/or thermal expansion 
mismatch strains between the alloy and coating. 


These initial P&WA evaluations with the coated 7/7 -5 alloy in conjunction with extensive 
experience, including detailed oxidation, hot corrosion, and mechanical property data on 
conventional nickel-base superalloys, provided the basis for 1) selecting currently available 
coating systems and processes for protecting the 7/7 -5 eutectic superalloy in an Air Force 
program (ref. 4) and 2) formulating additional candidate developmental coating systems 

which were evaluated under a NASA sponsored program (NAS3-16792) (ref. 5). 


The above NASA program, “Coatings for Directional Eutectics”, identified the NiCrAlY + Pt 
coating system as having the best combination of oxidation, hot corrosion, diffusional 
stability, and mechanical properties on the 7/7 -5 alloy. Based on the data obtained in the 
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NASA program, the NiCrAlY + Pt coating system was selected for evaluation in the design 
data portion of the Air Force program (ref, 4). 

Thus, considerable prior experience, including detailed oxidation, hot corrosion and mechan- 
ical property data with coated conventional and eutectic nickel-base superalloys, was 
available to facilitate the selection of the candidate coating systems for this program. A brief 
review of the reasons for including specific elements into the candidate coating compositions 
is provided in the following paragraphs. 

Overlay coating compositions were based on the knowledge that aluminum is required for 
protective AI 2 O 3 scale formation, yttrium for scale adherence (refs. 6 through 9), and 
chromium for both promotion of AI 2 O 3 formation (ref. 10 ) and enhancement of hot 
corrosion (sulfidation) resistance. NiCrAlY compositions offer superior elevated temperature 
oxidation resistance and diffusional stability on nickel-base superalloys. Additions of cobalt 
to NiCrAlY enhance hot corrosion resistance and improve coating ductility. 

Since it was assumed that total surface protection of the 7/7 -5 alloy would be required, a 
diffusion aluminide type coating is necessary for lower operating temperature surfaces, 
particularly internal cooling cavities and possibly the blade root. Therefore, subsequent 
aluminizing of a previously deposited low aluminum overlay coating appeared to offer a 
unique processing advantage in that all surfaces could be coated while simultaneously 
increasing the protectivity of the airfoil overlay coating to a more desirable level. Indeed, 
results (ref. 11 ) reported in the literature have shown that this approach can be an effective 
method to increase coating life. 

It has been shown (refs. 12 and 13) that additions of precious metals such as platinum to 
aluminide coatings on nickel-base superalloys have significantly increased the useful lives of 
these coatings in high temperature oxidation. Experiments with platinum-aluminum alloys, 
which form AI 2 O 3 scales, indicate that the spalling resistance of the oxide scale is enhanced 
by the presence of platinum (ref. 14). Laboratory evaluations conducted at P&WA have shown 
that additions of 5 to 10 w/o of platinum to NiCrAl(Y) alloys provide improved oxidation 
and hot corrosion resistance. Extensive testing under a previous NASA contract (ref. 5) 
indicated that platinum may enhance the mechanical and physical characteristics of overlay 
coatings in addition to improving the oxidation resistance. 

Silicon additions to NiCrAl (refs. 1 1, 15 and 16) have been reported to improve oxidation 
performance. This effect was not demonstrated in a previous evaluation of a NiCrAISiY 
coating applied with a plasma spray process (ref. 5). Since that program, it was found that 
NiCrAISiY compositions can be deposited with the electron beam physical vapor deposition 
process. Therefore, NiCrAISiY coatings were re-evaluated in this program. 

The electron beam physical vapor deposition process (refs. 17 and 18) was used to apply the 
multielement overlay coatings. In particular instances, sputtering and pack coating techniques 
v/ere employed in conjunction with the electron beam process to achieve the desired coating 
composition and microstructure. In one instance, sputtering and pack cementation,techniques 
were used to apply a platinum modified diffusion aluminide coating. 
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Because of the line-of-sight restrictions of overlay type coatings, internal surfaces and cooling 
holes must be coated with a diffusion aluminide. An evaluation of conventional pack aluminide 
type coating in a previous program (ref. 4) indicated that small diameter cooling holes in the 
7/7 -6 alloy were difficult to coat satisfactorily. Limited testing under that program indicated 
that better coverage could be obtained with the gas phase aluminizing process. This coating 
process was optimized for the 7/7 '-*6 alloy in this program. 

While previous development and evaluation efforts demonstrated significant potential for 
protecting the 7/7 -5 alloy in a high temperature turbine environment, several areas which 
required additional evaluation were identified. 

Burner rig 1366 K (2000°F) cyclic oxidation testing of coated 7/7 -5 and directionally 
solidified (D.S.) MAR-M200+Hf superalloy specimens indicated that thermal fatigue and 
oxidation resistance of a coating system were dependent on the substrate (ref. 5). Therefore, 
additional burner rig testing was conducted in this program to evaluate six candidate 
coating systems on these alloys in order to obtain a better understanding of the coating- 
substrate interaction phenomenon. Thermal expansion data were also obtained in this 
program as well as in a P&WA funded program which facilitated interpretation of the burner 
rig results. 

A parallel effort to optimize the structure and composition of the 7/7 -5 eutectic alloy was 
also being conducted (ref. 19). In particular, the solidification characteristics of the 
7/7 -5(1 Cr) alloy resulted in microstructure improvements. The effect of this eutectic 
alloy modification on coated system performance was also assessed in a 1366 K burner rig 
test. 

Increasing the burner rig data base for the NiCrAlY + Pt and NiGrAlY coating systems, which 
exhibited excellent performance during previous furnace and burner rig tests (refs. 4 and 5 ), 
and evaluating a silicon modified NiCrAlY coating applied by the electron beam physical 
vapor deposition process were also goals of this program. 

In addition to high temperature oxidation, the 7/7 -5 alloy requires protective coatings to 
inhibit intermediate temperature hot corrosion (accelerated oxidation in the presence of 
Na 2 S 04 ). Therefore, tlie candidate coating systems (with the exception of the NiCrAlSiY 
composition) were evaluated in a furnace hot corrosion test at 1 172 K (1650°F). 

Another objective of this program was to assess the effects of the candidate coating systems 
on mechanical properties of the coated eutectic alloy. Ductility tests at 578 K (600°F) 
were used to evaluate the low temperature strain capability of the coating-substrate systems. 
Three candidate coating systems for the blade root (NiCrAlY, NiCrAlY + Pt and Pt + Al) 
were evaluated for fatigue resistance at 977 K (1300°F). Thermomechanical fatigue tests 
were used to quantitatively assess the thermal fatigue resistance of two candidate airfoil 
coatings (NiCrAlY + Pt and NiCrAlY) on the eutectic alloy. 
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Ill, BURNER RIG OXIDATION TESTING 


A. BACKGROUND 

Previous high temperature furnace and burner rig tests have indicated that both NiCrAlY and 
NiCrAlY + Pt coating systems can provide oxidation resistance for the 7 / 7 ' - 5 alloy for ex- 
tended exposures at 1366 and 1422 K (2000 and 2100°F) (refs. 4 and 5). In addition, fur- 
nace testing of these coating-alloy systems indicated that they are protective (for shorter 
periods of time) at temperatures up to 1478 to 1505 K (2200 to 2250®F). 

Burner rig testing of NiCoCrAlY, NiCrAlY + A1 and NiCrAlY + Pt coating systems at 1366 K 
for 1016 hours of cyclic oxidation also indicated, however, that thermal fatigue cracks form- 
ed in these coating systems on the 7 / 7 5 alloy (ref. 5); of these coating systems, the NiCr- 
AlY + Pt coating exhibited the best resistance to thermal fatigue crack initiation and propa- 
gation. Similar cyclic oxidation burner rig testing at 1422 K for 498 hours indicated that 
NiCrAlY coated 7/7 ' - 5 specimens also exhibited only minor thermal fatigue cracking (ref. 

4). It was also noted that the tendency of these coating systems to form thermal fatigue 
cracks was dependent on the substrate (ref. 5); coating initiated thermal fatigue cracking 
was not observed in these coating systems on D.S. MAR-M 200 + Hf specimens which were 
evaluated concurrently with the coated eutectic alloy specimens. 

Thermal expansion data indicated that coating-substrate thermal expansion strains would be 
larger in coatings on the 7/7 ' - 5 alloy than on D.S. MAR-M 200 + Hf and may provide a 
partial explanation for the thermal fatigue cracking which was observed (ref. 5). In addition, 
the depth of thermal fatigue crack penetration into the 7 / 7 ' - 5 substrate also appeared to be 
a function of the coating which was present. It was proposed that the thermal expansion mis- 
match strain in the coating, the elastic modulus of the coating, coating thickness, the density 
of cracks, and the oxidation characteristics of a coating crack may be factors contributing to 
the observed behavior. 

Two 1366 K cyclic oxidation burner rig tests have been conducted in this program. The first 
of these tests was for 505 hours and had the objectives of 1) further defining the role of 
platinum in terms of coating performance, 2) quahtatively evaluating the thermal fatigue 
resistance of thinner overlay coatings with and without platinum, 3) evaluating the NiCrAlY 
+ A1 system with the diffusion aluminide layer being formed by an “inward” process (ref. 20), 
and 4) assessing the possibility of using the Pt + A1 diffusion aluminide coating system ( a 
candidate system for blade root applications) for protecting the gas path surfaces of the air- 
foil. For comparison, additional D.S. MAR-M 200 + Hf specimens were also coated with the 
candidate systems and evaluated. (The evaluation of the 7 / 7 5 specimen coated with Ni- 
CrAlY and the coated D.S. MAR-M 200 + Hf specimens was not part of this contractual pro- 
gram; however, the results of the evaluation are included for comparison purposes.) 

The second cychc oxidation test was for 1005 hours and had the objectives of 1) obtaining 
additional burner rig data for the NiCrAlY and NiCrAlY + Pt coatings, with the latter 
coating being additionally evaluated on a low chromium 7 / 7 5 (iCr) alloy, and 2 ) burner 
rig evaluation of a silicon modified NiCrAlY coating apphed by the electron beam physical 
vapor deposition process. Nominal coating thicknesses and chemistries of the coating systems 



which were evaluated in these tests are provided in Table I. 

TABLE I 

COATING SYSTEMS EVALUATED IN 1 366 K (2000°F) 

CYCLIC OXIDATION BURNER RIG TESTS 

TEST 1 

Total Test Time: 505 Hours 

Oxidation Cycle : 27 minutes hot - 3 minutes forced air cool 

Coating Systems: (1) 63/x Ni-18Cr-12Al-0.3Y (eb) 

(2) 63/aNi-18Cr-12Al-0.3Y(eb) + 6MPt(s) 

(3) 63m Ni-23Co- 18Cr-12A 1-0.3 Y(eb) 

(4) 63m Ni-23Co-l 8Cr-12Al-0.3Y (eb) + 6m Pt (s) 

(5) 1 27m Ni- 1 8Cr-5 Al-0.3 Y (eb) + diffusion aluminide (p) 

(6) 6m Pt(s) + 25-76 m diffusion aluminide (p) 

TEST 2 

Total Test Time: 1005 hours 

Oxidation Cycle: 55 minutes hot - 5 minutes forced air cool 

Coating Systems: (1) 127m Ni-18Cr-12Al-0.3Y (eb) 

(2) 127MNi-18Cr-12Al-0.3Y(eb) + 6MPt(s) 

(3) 127m Ni-1 8Cr-12Al-4Si - 0.3 Y (eb) 

Coating Processes: 

eb - electron beam vapor deposition 
p - pack cementation 
s - sputter deposition 

In addition, thermal expansion data were obtained for three coating compositions (Ni-17.8Cr- 
4.8 Al, Ni-17.7Cr-9.l Al, and Ni-18.1Cr-10.2Al-5Pt). These data and the results of a larger 
P&WA program (not related to this contract) were used to facilitate interpretation of thermal 
fatigue behavior. 

B. SPECIMEN PREPARATION 

Eutectic alloy burner rig specimens (refs. 4 and 5) were directionally solidified by the Casting 
Development Section of the Materials Engineering and Research Laboratory using a multiple 
cavity shell mold. The bars were solidified at the rate of 1 .27 cm (0.5 inch)/hour in a modified 
Bridgman furnace. Since the erosion bar configuration is cast to size, the only precoating sur- 
face preparation employed was a light abrasive belting to radius edges and improve surface 
finish. The coating systems which were applied to these specimens are indicated in Talkie I. 
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Coating procedures were identical to those used previously (ref. 4 and 5). 

Briefly, (Ni,Co,Si) CrAlY overlay coatings applied by the electron beam physical vapor de- 
position process (refs. 17 and 18) are deposited in vacuum on superalloy components which 
are rotated in the vapor of an evaporating coating ingot source. This technique depends upon 
a continuous feeding of ingot stock at a rate consistent with the evaporation rate of the li- 
quid in order to control thickness and composition. An alloy ingot of the desired composi- 
tion is fed upward through a water-cooled crucible. As the ingot emerges at the top of the 
crucible, a high-powered, focused electron beam is played on the emerging end causing local 
melting and forming a liquid pool contained by the walls of the crucible and solid ingot be- 
low. Due to differences in the vapor pressures of the elements in the overlay coating compo- 
sition, the liquid vapor source is necessarily maintained at different composition than the 
vapor phase which is to be deposited. In order to maintain a constant vapor phase (coating) 
composition, an ingot of the coating composition is fed into the molten pool precisely at 
the same rate as the vapors evaporate. Control of the cast ingot feed stock was the primary 
method for control of the coating composition. 

Conventional sputtering and pack techniques were used to apply Pt layers and diffusion 
aluminide coatings, respectively. 

Coating alloy thermal expansion specimens (5 cm x 0.63 cm dia.) were drop cast in copper 
molds and machined to the indicated dimensions. In order to minimize microsegregation, 
these specimens were given a 1352 K/4 hour/H 2 heat treatment prior to machining. (Differ- 
ences between the drop cast and coating microstructures are not considered significant from 
a thermal expansion standpoint since the phases in the coating compositions are cubic; 
thermal expansion is isotropic for cubic phase materials.) 

C. TEST PROCEDURES 

The candidate coating systems were evaluated in two 1366 K (2G00“F) cyclic oxidation 
burner rig tests (Table I), which simulate a gas turbine engine environment, for times of 505 
and 1005 hours. A maximum of 12 specimens were simultaneously exposed to the exhaust 
gases (combustion products of Jet A fuel and air) of the burner which had a gas velocity of 
Mach 0.?7. The specimens were rotated at 1750 rpm in the burner exhaust gases to provide 
as uniform temperature conditions from specimen to specimen as possible. Specimen temp- 
erature was continuously monitored with an optical pyrometer and the fuel pressure auto- 
matically regulated to maintain the designated temperature. Cycling was accomplished by 
automatically moving the burner away from the specimens at designated intervals. During 
the cooling portion of the cycle, a compressed air blast was directed on the rotating speci- 
mens. Testing was interrupted every 16 to 20 hours to permit visual examination and weigh- 
ing of each specimen. 

Thermal expansion measurements were performed by Dynatech Corporation with a Netzsch 
electronic automatic recording dilatometer. 
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D. RESULTS AND DISCUSSION 
1. Test 1 (505 hours at 1366 K) 

Five of the six coated y/y’-d specimens and all of the coated D.S.MAR-M200+Hf specimens 
completed the 505 hour burner rig test. The visual condition of the coated y/y - 5 specimens 
at the conclusion of testing is shown in jFigure 5. Figure 6 shows the hot zone region oft ese 
specimens at higher magnification. Individual performance of the candidate coating systems 

are discussed below. 


a. Pt + Al 


The Pt + A1 coated t/t ' - 5 specimen failed after 172 hours due to incipient melting (Figure 
7). Since the diffusion zone microstructure of the Pt + A1 coating coating on the t/t ~ ^ 
alloy is similar to that of the diffusion aluminide coating, which has ^mcipient melting tern- 
perature of approximately 1394K (2050°F) (ref. 4), and since the 7 pha^ of the substrate 
did not dissolve, it is thought that the overtemperature condition was relative^ mUd. Insufli 
dent overtemperature capability is therefore a factor which limits use of the Pt + A1 coating 
to cooler regions of 7/7 ' - 5 turbine blades, i.e., the root. The other coating-substrate systems 
including the Pt + A1 coated D.S. MAR-M 200 + Hf specimen, were visually unaffected by 
the overtemperature. 


b. NiCoCr AlY and NiGoCrAlY + Pt 

It can be seen in Figure 6 that the yly'- 8 specimens coated with the NiCoCrAlY and 
NiCoCrAlY + Pt coatings developed numerous thermal fatigue cracks which tend to be pre- 
ferentially oriented parallel to the solidification direction of the substratie, crack initiation 
in the NiCoCrAlY and NiCoCrAlY + Pt coatings was first detected after 136 and 56 hours, 
respectively. Post-test metallography indicated that thermal fatigue cracks had propagated 
through the coating and into the diffusion affected substrate zone (Figures 8 and 9). 


The cracking behavior of the NiCoCrAlY coated y/y ' - 5 specimen is visually similar to that 
previously observed for thicker (1 27/i) NiCoCrAlY coated y/y ' - 6 specimens which were 
evaluated in a similar 1366 K cyclic oxidation burner rig test (ref. 5). Relatively large tensile 
strains (approximately 0.38 percent strain) can develop in the coating during cooling (1366 K 
— ^rodm temperature) as a consequence of NiCoCrAlY - y/y '- 5 thermal expansion mis- 
match and are contributory to the formation of these cracks. It is presently thought that 
the general orientation of these cracks parallel to the solidification direction of the y/y - 5 
substrate may be a result of elastic anisotropy in the substrate. The thermal fatigue cracks 
initiated in areas which were apparantly free of coating defects. In addition, the 7/7 - 0 
erosion bars were visually examined before coating and were relatively free of surface defects. 

It was noted that the thermal fatigue cracks which formed in the thinner (~ 63p) NiCoCrAlY 
coatings, which were evaluated in this test, did not penetrate into the y/y'- 8 substrate as 
much as cracks in the previously tested y/y' -8 specimens with thicker 12 7 m) NiCoCrAlY 
coatings (ref. 5). To a first approximation, this coating thickness effect on substrate crack 

propagation is consistent with a fracture mechanics model (ref. 21). 
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While thermal fatigue cracking has been the primary degradation mechanism for the NiCoCrAlY 
and NiCoCrAlY + Pt coated 7 / 7 ' - 5 specimens, alumina scale spallation was also significant. 

For the NiCoCrAlY coated 7 / 7 5 specimen, alumina spallation was observed after 126 hours 
of testing. Alumina scale adherence was slightly better for the NiCoCrAlY + Pt coated specimen. 

Pretest and post-test hot zone microstructures of the NiCoCrAlY and NiCoCrAlY + Pt coatings 
on the 7 / 7 5 specimens (Figures 8 and 9) was 7 (Ni solid solution) phase; the aluminum rich 
|3(NiAl) phase was consumed by oxidation. In addition, an approximately 60p thick band of 
7 phase was present in the diffusion affected substrate adjacent to the coating. The total 
thickness of the diffusion affected 7/7 8 zone was approximately 140/i; the balance of the 
diffusion affected substrate layer consisted of a 7 + 6 zone which had been depleted of the 
7 'phase. 

c, NiCrAlY and NiCrAlY + Pt 

7 / 7 5 specimens coated with the NiCrAlY and NiCrAlY + Pt coal ings were visually free of 
thermal fatigue cracks (Figure 6 ). However, metallographic examir .ation of the NiCrAlY 
coated 7/7 specimen revealed the presence of a very small crack which initiated at a pit 
defect in the coating (Figure 10). The length of this crack in the plane of the coating was only 
180 m. 

Adherence of the protective alumina scale was best on the NiCrAlY + Pt coated 7 / 7 5 
specimen with no scale spallation being observed during the first 194 hours of testing. For 
comparison, alumina scale spallation initiated significantly earlier (after 126 hours of testing) 
on the 7/7 8 specimen which was coated with NiCrAlY. Once scale spallation was initiated, 
the amount of alumina spallation gradually increased during the test. From the standpoint 
of oxidation resistance, the effect of the platinum surface layer was to prolong the adherence 
of the original alumina scale by approximately 50%. 

Pretest and post-test microstructures of both the NiCrAlY + Pt and NiCrAlY coated specimens 
are provided in Figure 1 1 and 12, respectively. These figures indicate that the post-test coating 
microstructures were similar after the 505 hours exposure in the 1366 K burner rig. In both 
cases, the coating was 7 phase at the end of testing. A continuous approximately 40 to 50 m 
thick band of 7 '(Ni 3 Al) phase was present in the diffusion affected substrate zone of the 
NiCrAlY + Pt coated specimen. The total thickness of the diffusion affected substrate zone 
was approximately 60 to 70 m; the balance of the interdiffusion zone thickness consisted of 
a thin 7 + 7 ' layer adjacent to the unaffected 7 / 7 ' - 6 substrate. The interdiffusion zone of 
the NiCrAlY coated specimen was similar with the exception that the 7 ' band was thinner 
and, in some areas, semi-continuous in the hot zone as a result of aluminum loss by oxida- 
tion; the 7 'band was continuous in a slightly cooler region of the erosion bar. 

d. NiCrAlY + A1 

A few cracks formed in the NiCrAlY + diffusion aluminide coated 7 / 7 6 erosion bars during 
the coating process. The spare specimen was metallographically examined to characterize the 
morphology of the coating cracks. Examples of these cracks are provided in Figure 13. Most 
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of the coating cracks were confined to the high aluminum content layer; one crack, however, 
had propagated through the thickness of the coating to the coating-substrate interface. Simi- 
lar cracks were also observed in the NiCrAlY + A1 coated furance hot corrosion coupons 
(see Section IV); cracks in the noneutectic composition furnace coupons propagated a sig- 
nificant distance into the substrate. 

It is thought that initiation of cracks in the NiCrAlY + diffusion aluminide (pack, inward) 
coating is associated with both the brittle, high aluminum content layers, which are formed 
during pack aluminizing of the NiCrAlY, and the relatively low thermal expansion charac- 
teristics of the 7 / 7 '- 5 substrate. Pack aluminizing of the Ni-18Cr-5Al-0.3Y coating was done 
at 1033 K to produce an inward diffusion, high aluminum content layer of Ni 2 Al 3 . Ni 2 Al 3 
layers formed by pack aluminizing nickel-base superalloys with higher thermal expansion 
coefficients are very brittle; for example, the room temperature fracture strain of a diffusion 
aluminized layer is only 0.1 percent on a Waspaloy® substrate (ref. 22). Since the 7 / 7 '- 5 
alloy has a significantly lower expansion coefficient than Waspaloy®, it is thought that cracks 
formed in the Ni 2 Al 3 layer during cooling to room temperature as a result of tensile coating- 
substrate thermal expansion mismatch strains. After forming the Ni 2 Al 3 layer, the specimens 
were heat treated (1352 K/4 hours/argon) to diffuse the Ni 2 Al 3 to the i3(NiAl) phase. 

While the /3 phase coatings are also brittle at low temperatures (refs. 23 and 24), p phase 
coatings do have slightly greater fracture strains at low temperatures on conventional nickel- 
base superalloys, i.e., greater than approximately 0.2 percent at room temperature. (Tire 
higher fracture strain of P phase type coatings on conventional superalloys may be partially 
due to compressive coating-substrate thermal expansion mismatch strains developing in the 
coating during cooling.) 

In order to understand the propagation of the coating cracks (after diffusion heat treatment 
at 1352 K) through the relatively ductile, low aluminum content Ni-18Cr-5Al-0.3Y layer, 
which separates the high aluminum content zone from the substrate, it is useful to consider 
thermal expansion data which were obtained in this program to facilitate the analysis of 
thermal fatigue cracking. Data for the following drop cast coating compositions are provided 
in Figure 14; 

• Ni-17.8Cr-4.8Al 

• Ni-17.7Cr-9.lAl 

• Ni-18.1Cr-10.2Al-5Pt 

Also included in this figure are data for Ni-20.2Co-20.1Cr-12.1 Al, 7/7 '- 5, 7 ^ 5 and 5 alloys 
which were obtained during previous P&WA , Air Force (ref.4) and NASA (ref. 25) programs. 
These data indicate that large tensile thermal expansion mismatch strains form in the low 
aluminum NiCrAlY layer during cooling (1352 K to room temperature); these mismatch strains 
are approximately 0.5 percent and 1 percent in the Ni- 1 8Cr-5A 1-0.3 Y layer on the 7/7 '-6 
and 5-rich off-eutectic alloys, respectively. The excessively large tensile strains provide a 
reasonable explanation for the coating crack propagation into the off-eutectic furnace coupons 
•(Section IV). 

With the exception of the initial cracks in the virgin coating, the NiCrAlY + diffusion aluminide 
coated 7 / 7 '- 6 specimen was visually uncracked during the first half of this test. Everttually, 
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however, thermal fatigue cracks initiated in the hot zone of the coating. Like the cracks in 
the NiCoCrAlY and NiCoCrAlY + Pt coated 7 / 7 5 specimens, the thermal fatigue cracks 
were oriented parallel to the solidification direction (Figure 6 ). Post-test metallographic 
examination indicated that both the thermal fatigue cracks (Figure 1 5) and the pretest 
cracks (Figure 16) had propagated a short distance into the 7 / 7 5 substrate. 

Post-test metallographic examination of the NiCrAlY + diffusion aluminide coated 7/7 ' - 5 
specimen (Figure 15) indicated that the hot zone coating was depleted of the aluminum rich 
j3 and 7 ^ phases and was 7 phase at the completion of testing. A band of 7 was present in the 
diffusion affected substrate zone was approximately 60 to 70/a. The amount of aluminum 
depletion from the coating is associated with repeated spallation of the protective alumina 
scale; scaie spallation was first observed after 56 hours of testing. 

e. Coated D.S. MAR-M 200 + Hf 

These coatings were also evaluated on directionally solidified MAR-M 200 + Hf for compara- 
tive purposes. Visual examination indicated that, ih general, thermal fatigue cracks did not 
form in the coatings during testing. One small crack was observed in the NiCrAlY + diffusion 
aluminide coated D.S. MAR-M 200 + Hf specimen after 243 hours of testing; this crack was 
similar in appearance to the pretest cracks in this coating on the 7 / 7 6 alloy. It is probable 
that, due to its size (less than 1 mm in length), the crack went undetected during the first part 
of that test. 

In addition, alumina scale adherence was generally better for these coatings on the D.S. MAR-M 
200 + Hf alloy. A pitting mode of coating attack was initiating localized coating failures at the 
end of the test in the NiCoCrAlY, NiCoCrAlY + Pt and NiCrAlY coated D.S. MAR-M 200 + Hf 
specimens. Small amounts of alumina spallation preceded the formation of the oxidation pits; 
the distribution of the oxide pits also indicated that the microsegregation pattern in the direc- 
tionally solidified substrate may be associated with this mode of coating degradation. 

Oxide pitting was not observed in thicker (127/a) NiCoCrAlY coated D.S. MAR-M 200 + Hf 
specimens which were previously evaluated in a 1366 K cyclic oxidation burner rig test for 
1016 hours (ref. 5), Consequently, it is thought that the thinner NiCoCrAlY coatings evalu- 
ated during the current burner rig test may have permitted coating-substrate interdiffusion 
to affect the outer portion of the coating faster and accelerate the oxide pitting mode of coat- 
ing failure. 

The oxide pitting mode of coating degradation was also observed during the previous burner 
rig test in 127m thick NiCrAlY + A1 and NiCrAlY + Pt coated D.S. MAR-M 200 + Hf specimens 
which were exposed for 523 hours (ref. 5). It should also be noted, however, that a companion 
NiCrAlY + Pt coated D.S. MAR-M 200 + Hf specimen exhibited no pitting after 1016 hours 
of evaluation. 

f. Thermal Fatigue Analysis 

To summarize the thermal fatigue results, this test and the previous 1366 K cyclic oxidation 
burner rig test under contact NAS 3-16792 demonstrated that coated 7 / 7 '- 6 specimens 
exhibited the following relative thermal fatigue trends: 



Coating Thermal Fatigue Cracking 

NiCrAlY Minor 

NiCrAlY + Pt Minor 

NiCrAlY + A1 Moderate to Severe 

NiCoCrAlY Severe 

NiCoCrAlY + Pt Severe 

In comparison, none of the above coating systems exhibited any coating initiated thermal 
fatigue cracks on the D.S. MAR-M 200 + Hf alloy. 

Thermal expansion data for coating alloys obtained in this program and similar data from a 
P&WA internal program were used to facilitate the interpretation of thermal fatigue trends 
which were observed during burner rig testing. Tliermal expansion data at 13 1 1 K 
(1900°F) for NiCrAlPt and NiCoCrAl and NiCoCrAlPt compositions are indicated in Figure 
1 7 ; the scatter band for the NiCrAl compositions is provided for comparative purposes. It 
can be seen that cobalt additions tend to increase the thermal expansion coefficient of the 
NiCrAl coating alloys while the platinum additions tend to decrease the thermal expansion 
coefficient. Platinum additions to the NiCoCrAl alloy tended to give thermal expansion values 
which were slightly greater than the “typical” NiCoCrAl data. These trends were also observed 
at 1089, 1200 and 1366 K. Thermal expansion coefficients of 7 / 7 6 and MAR-M 200 + Hf 
have also been included in this figure for comparative purposes. 

Due to rapid stress relaxation in these oxidation resistant coatings at high temperatures, it is 
convenient to define the zero elastic strain condition of the coating at the m aximum temper- 
ature. Figure 17 indicates that the coating-substrate thermal expansion mismatch strain 
(Ae ) which develops in a coating on cooling from the maximum temperature will be tensile 
and^at the magnitude of Ae^^ will be greater for a coating on the 7 / 7 '- 6 alloy. This figure 
also indicated that Ae^^ is greater for NiCoCrAl and NiCoCrAlPt than for NiCrAl and NiCrAlPt 
coating composition applied to the 7 / 7 5 alloy. It should also be noted that Ae^^ probably 
increases for a given coating-substrate system as the aluminum content of the coating is de- 
pleted by oxidation and interdiffusion with the substrate. 

To a first approximation, the thermal fatigue cracking trend which developed during burner 
rig testing of ductile overlay coatings on the 7 / 7 ' - 5 and MAR-M 200 + Hf is directly related 
to Ae^, the thermal expansion mismatch strain. 

As a consequence of low coating ductility below about 978 K (1200°F), diffusion aluminide 
type coatings (e.g., the aluminum rich outer layer of the NiCrAlY + A1 coating system) are de- 
pendent on compressive coating-substrate thermal expansion mismatch strains, which develop 
during cooling, to counteract tensile thermal strains which peak below 978 K. Diffusion alum- 
inide coatings on conventional superalloys (e.g., MAR-M 200 + Hf) initially develop relatively 
large compressive mismatch strains in the coating which are in the order of 0.2 percent strain 
when the coated superalloy is cooled from 1366 K to room temperature. Due to the lower 
expansion coefficient of the 7 / 7 ' - 6 alloy, diffusion aluminide coatings on the 7 / 7 ' - 8 alloy 
do not develop the relatively large compressive thermal expansion mismatch strains and are 
consequently more prone to initiate thermal fatigue cracks than diffusion aluminide coatings 
on conventional superalloys. As diffusion aluminide coatings become degraded (aluminum 
content diminishes) during service exposures at high temperatures, the thermal expansion 
coefficient of the coating will increase; thus, diffusion aluminide coatings can become more 
susceptible to thermal fatigue cracking as they become degraded. 



2. Test 2 (1005 Hours at 1366 K) 


Of the initial complement of ten specimens in this 1005-hour burner rig 1366 K (2000°F) 
cyclic oxidation test, eight were of the 7/7 -5 (6Cr) and two were of the 7/7 -6 (ICr) 
eutectic alloy compositions. The 7/7 -5 (6Cr) erosion bars were coated with the following 
nominal compositions: 

• 127ju (5 mils) Ni-18Cr-12Al-0.3Y (3 specimens); 

• 1 27ju (5 mils) Ni-1 8Cr-l 2A1-0.3 Y + 6p (0.25 mil) platinum (3 specimens); 

• 127/x (5 mils) Ni-18Cr-12A14Si-0.3Y (2 specimens 

The two 7/7 -6 (ICr) specimens were coated with the NiCrAlY + Ft system. 

Four specimens, one of each coating-substrate system, were removed for metallographic 
examination after 516 hours of testing. The other six burner rig specimens were tested for 
1005 hours. 

The visual conditions of the coated 7/7 -6 burner rig specimens after 5 16 and 1005 hours of 
testing is provided in Figure 18. Surface photographs of the hot zone region of the specimens 
which were evaluated for 1005 hours are shown at higher magnification in Figure 19. The 
performance of these coating systems are discussed below. 

a. NiCrAlSiY 

A small amount of incipient melting was visually observed in the NiCrAlSiY coated specimens 
during the initial 22 hour exposure increment. Since the surface of the coating remained 
intact, it was decided to continue running the specimens. No additional increase in incipient 
melting was observed during the course of the 1005 hour test. The surface appearance of 
the incipient melting zone after 226 hours of testing is shown in Figure 20. 

The two NiCrAlSiY coated specimens exhibited differences in initial oxide scale adhesion. 

One specimen (R-7795) initially exhibited excellent adherence with scale spallation not 
being observed until 258 hours. In contrast, the duplicate specimen (R-7796) exhibited scale 
spallation after only 55 hours of testing. The contrast in visual appearance of these specimens 
after 246 hours of testing is shown in Figure 21 . After oxide scale spalling initiated on 
specimen R-7795, the spalling pattern developed in a similar manner (i.e., craze cracking of 
oxide followed by spallation) to the pattern which was observed earlier on specimen R-7796. 

Thermal fatigue cracks were also detected in the NiCrAlSiY coated specimens after 189 (R-7795) 
and 357 (R-7796) hours; an example is provided in Figure 22A. Crack propagation was confined 
to the coating and diffusion affected substrate zone. 

Pretest and post- test microstructures of the NiCrAlSiY coated 7/7 -6 specimens are provided 
in Figure 23. The pretest microstructures of the NiCrAlSiY coated specimens indicate that 
a small amount of incipient melting may have occurred in the coating during the 1352 K 
(1975°F)/4 hour/H2 diffusion heat treatment. Examination of the post-test microstructures 
revealed that coating-substrate interdiffusion was extensive and that the coating was 
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predominantly 7 (Ni solid solution) phase with a minor amount of 7 '(NiaAl) phase near 
die original coating-substrate interface. A semicontinuous band of 7 'was present in the 
diffusion affected substrate zone. The 6 phase appeared to be transformed (possibly to 
(Ni, Si)3Cb) in the diffusion affected substrate zone in the pretest and post-test 
microstnictures. 

Only minor remnants of the incipient melting condition/which was visually observed in the 
hot zones of the NiCrAlSiY coated specimens after the initial 22 hours of testing, remained 
by the time the specimens were metallographically examined. It is thought that extensive 
coating-substrate interdiffusion diluted the silicon content and raised the incipient melting 
temperature of the interdiffusion zone. Previous furnace testing of a yly -5 coupon coated 
with a 2 percent silicon content plasma sprayed NiCrAlSiY composition did not experience 
incipient melting at 1478 K (ref. 5). Phase coarsening reactions and depletion of the coating 
(by oxidation) are thought to have eliminated most of the microstructural features (i.e., 
dendrites) which would normally be associated with an incipient melting condition. 

Electron beam microprobe analysis of the pretest microstructure of the NiCrAlSiY coated 
specimen (Figure 24) indicated that the silicon was uniformly distributed through the 
coating at a level of about 4.2 (weight) percent. The diffusion affected substrate zone 
exhibited higher silicon concentrations (about 8.5 to 1 1 percent). The 6 (Ni3Cb) phase in 
the diffusion affected substrate layer adjacent to the coating was altered by silicon substitu- 
tion for some of the nickel. 

As indicated above, the pretest microstructure indicated that the NiCrAlSiY coating was 
partially fused during the postcoating heat treatment at 1352 K. The primary phase which 
coarsened during the heat treatment was 7 (Ni solid solution) with the approximate 
composition of Ni-19Cr-7Al-4Si. Microprobe analysis of the eutectic between the 7 phase 
regions indicated that the approximate composition was Ni-10Cr-17Al-4Si. The bulk 
chemistry for the coating was Ni-16.2Cr-10.7Al-4.5Si-0.lY. 

b. NiCrAlY + Pt 

During the pretest metallographic inspection of the NiCrAlY + Pt coated specimens, it was 
observed that the platinum-rich surface layer on three of the five specimens (R-7787, R-7790 
and R-7791) exhibited microscopic blisters in portions of the platinum-rich surface layer 
(Figure 25)^ The coatings on these specimens were repaired by abrasively removing (vapor 
honing) the defective platinum-rich surface layer and sputter cleaning the NiCrAlY surface 
prior to deposition of a new platinum-rich surface layer. The NiCrAlY + Pt coatings on 
specimens R-7788 and R-7789 did not exhibit any blistering of the surface layer and did 
not receive any repair. Pretest microstructures of the two variations of the NiCrAlY + Pt 
coating which were evaluated are provided in Figures 26 and 27. 

Visual inspection indicated that the repaired NiCrAlY + Pt coatings exhibited excellent 
oxide scale adhesion compared with the other coating systems which were evaluated; oxide 
scale spallation on NiCrAlY + Pt coated Specimen R-7787, R-7790 and R-7791 was first 
observed after 276, 610 and 276 cycles, respectively. In fact, visual examination of the hot 
zones of these specimens revealed relatively large areas where the oxide scale did not spall 
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during the 1005 hour exposure (Figure 28B). Metallographic examination of specimen R-7787 
after 516 hours and specimen R-7791 after 1005 hours of evaluation in the 1366°K cyclic 
oxidation burner rig test indicated that the outer portion of the coating was y phase, A rela- 
tively thick band of y 'was present in the inner portion of these coatings and the diffusion 
affected substrate zone (Figure 26). The post-test condition of the repaired NiCrAlY + Pt 
coatings is similar to that which has been observed previously (ref. 5). 

In contrast, the two NiCrAlY + Pt coatings, which were tested in the unrepaired condition, 
exhibited initial oxide scale adhesion which was intermediate between the NiCrAlY and 
repaired NiCrAlY + Pt coatings. Oxide scale spallation was first observed after 149 hours on 
the two unrepaired NiCrAlY + Pt coatings (specimens R-7788 and R-7789). Periodic visual 
examination indicated that the rate of oxide spallation from these two specimens increased 
during the test and exceeded the rate of oxide scale spallation from the NiCrAlY coated 
specimens. 

Post-test examination of the unrepaired NiCrAlY + Pt specimens indicated that the outer 
portion of the coating was y phase (Figure 27). The y 'layer in the diffusion affected 
substrate zone was thinner than in the repaired coatings. This observation reflects accelerated 
consumption of aluminum from the coating due to the repeated spallation of the oxide 
scale during the test. 

Thermal fatigue cracks were detected in the NiCrAlY + Pt coated 7/7 '-6 specimens (R-7787, 
R-7788, R-7789, R-7790 and R-7791) after 347, 610, 471, 181 and 357 hours, respectively. 
Post-test examination of specimens R-7787 and R-7789, which were tested for 516 hours, 
indicated that all of the thermal fatigue cracks were confined to the coating and the adjacent 
diffusion affected substrate zone. Most of the cracks were contained in the outer 7 phase 
layer. While visual examination indicated that thermal fatigue cracking did not initiate in 
NiCrAlY + Pt (unrepaired) coated specimen R-7788 until 610 hours, the cracks propagated 
rapidly after initiation; after 1005 hours of testing, this specimen exhibited relatively 
severe thermal fatigue cracking (Figures 19 and 28A). Post-test examination of this speci- 
men indicated that some of the thermal fatigue cracks propagated a short distance into the 
7/7 '-6 (ICr) alloy (Figure 22B). 

It can be seen from Figures 19 and 28 that thermal fatigue cracking in the repaired NiCrAlY 
+ Pt coatings was less severe than the cracking in the unrepaired coatings. Those cracks which 
formed were generally confined to the coating and diffusion affected substrate. The relatively 
good thermal fatigue behavior for the repaired NiCrAlY -i- Pt coatings was consistent with 
previous results (ref. 5). 

Tlie NiCrAlY + Pt coatings on the ICr (specimens R-7787 and R-7788) and the 6Cr (speci- 
mens R-7789, R-7790 and R-7791) 7/7 '-6 alloy did not exhibit any significant differences 
in coated system performances which could be attributed to the chromium content of the 
substrate. 

Electron beam microprobe analysis of the pretest microstructures of the two NiCrAlY + Pt 
coating system variations (Figures 29 and 30) and the NiCrAlY coating system were under- 
taken. The results of the analysis indicated that the coating constituents were present in their 
expected concentrations. 
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It was noted that the unrepaired NiCrAl Y + Ft and NiCrAlY coatings were enriched in 
Yttrium to a depth of about 10/x below the coating surface. The yttnum was probably m the 
form of YoOci and is thought to have formed by internal oxidation during the postcoating 
heat treatment at 1352 K. The microprobe analysis also indicated that yttnum content was 
apparently reduced below this enrichment zone for a considerable depth (about 50 to /Op), 
it is speculated that this result is produced by yttrium diffusion toward the higher oxygen 
activity at the surface. This yttrium distribution is considered typical of heat treated 
NiCrAlY + Pt and NiCrAl Y coatings. Previous post-test microprobe analysis ot a NiCrAi y 
+ Pt coated 7 / 7 ' - 5 specimen, which was evaluated for 1016 hours in a 1366 K cyclic oxida- 
tion test (ref, 5 ), indicated that similar yttrium distributions were present in coatings whic 
exhibited excellent oxidation and thermal fatigue performance. 


Abrasive removal of the porous Pt-rich surface layer from the repaired specimens also remove 
the yttrium-rich zone. Electron beam microprobe analysis of the repaired coating confirmed 
that the yttrium content at the surface was minimal in the repaired coating. Thus, the 
excellent oxide scale adhesion which was observed in these specimens may be pnmanly a 
result of the platinum addition to the coating. 


c. NiCrAlY 

NiCrAlY coatings also provided excellent oxidation protection for the 7/7 - 6 alloy in &e 
1366 K cyclic oxidation burner rig test. Figures 19 and 28 indicate that the visual condi- 
tion of the NiCrAlY coated 7/7 '- 5 specimens was intermediate to the two vanations of the 
NiCrAlY + Pt system. Hie three NiCrAlY coated specimens fust exhibited oxide spallahon 
between 22 and 37 hours. Minor accounts of scaie spallation were observed dunng the 1005 

hours of the test. 


Specimen R-7793 was removed for metallographic examination after 516 hours of testing. 
The other two NiCrAlY coated specimens completed the 1005 hours burner rig test without 

exhibiting visual evidence of coating failure. 

Post-test metallographic examination of the NiCrAlY coated specimen (R-7793) after 516 
hours indicated that the coating contained a significant amount of y phase dispersed in a 
7 matrix (Figure 31). Examination of specimen (R-7794) after the 1005 hours of burner ng 
testing indicated that the coating was 7 phase at the completion of testing. A relatively thick 
(approximately 50ju) layer of 7 'was present in the diffusion affected substrate zones of both 

specimens. 

Small thermal fatigue cracks were detected in NiCrAlY coated jlj-d specimens R-7792, 
R-7793 and R-7794 after 189, 375 and 435 hours, respectively. Cracking was generally con- 
fined to the coating and diffusion affected substrate zones. One crack in specimen R-779'z 
propagated a short distance (approximately 50/x) beyond the diffusion affected substrate 

zone (Figure 22C). 

3. Summary 

In summary, 1366 K burner rig testing of coated 7 / 7 ' - 5 specimens has yielded the follow- 
ing conclusions: 
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• NiCrAlY + Pt and NiCrAl Y coatings provided excellent oxidation protection for 
the jIj - d in 1366 K (2000° F) burner rig tests. 

• Of the coating systems which have been evaluated on the 7/7' - 6 alloy, NiCrAl Y 
and NiCrAl Y + Pt coatings have exhibited the best resistance to thermal fatigue. 

• The thermal fatigue resistance of a given coating system is dependent on the 
coating-substrate thermal expansion mismatch strains. 

• None of the candidate coating systems exhibited thermal fatigue cracking on the 
D.S. MAR-M 200 + Hf alloy. 

• NiCrAl SiY and Pt + A1 coated 7/7' - 6 specimens are limited by incipient melting 
to use below 1366 K. 

• The oxidation resistance of NiCrAl Y + Pt coated 7/7' - 6 specimens was not 
significantly affected by reducing the substrate chromium content from 6 to 1 
percent. 
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Figure 3 


Visual Appearance of Coated 7/7 ' - 5 Specimens After 505 Hours of Evaluation in 1366 K 
( 2000 ° F) Burner Rig Cyclic Oxidation Test (Cycle: 27 Minutes Hot - 3 Minutes Forced Air 
Cool). (K- 15096 ) 
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Figure 1 


Incipient Melting Condition Which Resulted in the Failure of the Pt + Al Coated 7/7 - 6 
Specimen After 1 72 Hours of Evaluation in 136b K (2000° F) Burner Rig Cyclic Oxidation 
Test (Cycle: 27 Minutes Hot - 3 Minutes Forced Air Cool) (E- 13335) 








Figure 8 


PRETEST 


POST-TEST 


Pretest and Post-Test Microstructures and Thermal Fatigue Crack Morphology of NiCoCrAlY 
Coated 7/7 '• 6 Specimen After 505 Hours of Evaluation in 136f K (2000 F) Burner Rig 
Cyclic Oxidation Test (Cycle: 27 Minutes Hot - 3 Minutes Forced Air Cool). 



Figure 9 Pretest and Post-Test Microstructures and Thermal Fatigue Crack Morphology of NiCoCrAlY 
+ Pt Orated 7 / 7 * 6 Specimen After 505 Hours of Evaluation in 136b K (2000 F) Burner 
Rig Cyclic Oxidation Test (Cycle: 27 Minutes Hot - 3 Minutes Forced Air Cool). 
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COATING MICROSTRUCTURE (IN PIANE OF COATHC) 


Figure 10 Small Thermal Fatigue Crack in NiCrAlY Coated 7/7 ’• 6 Specimen Which Initiated At a 
Coating Defect (Pit) After 505 Hours of Evaluation in Burner Rig Cyclic Oxidation Test. 
This defect is slightly outside the 1366 K (200(f F) hot zone region of the specimen. 

(K-15103) 
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PRETEST POST-TEST 

Figure 1 1 Pretest and Post-Test Microstructures of NiCrAlY + Pt Coated 7/7 '-6 Specimen After 505 

Hours of Evaluation in 1366 K (2000°F) Burner Rig Cyclic Oxidation Test (Cycle: 27 
Minutes Hot - 3 Minutes Forced Air Cool). 



PRETEST 


POST-TEST 


Figure 12 Pretest and Post- Test Microstructures of NiCrAlY Coated 7 / 7 '- 6 Specimen After 505 Hours 

of Evaluation in 1366 K (2000° F) Burner Rig Cyclic Oxidation Test (Cycle: 27 Minutes 
Hot - 3 Minutes Forced Air Cool). 
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Figure 14 


Thermal Expansion Data 




K) 

OO 








a 


40 /i 




, 7DO*v.k <?«,«0-, A» 


PRETEST 


POST-TEST 




Figure 15 


Pretest and Post-Test Microstructures and Thermal Fatigue Crack Morphology ofNiCrAlY + 
Diffusion Aluminide Coated 7 / 7 '- 6 Specimen After 505 Hours of Evaluation in 1366 K 
(2000° F) Burner Rig Cyclic Oxidation Test (Cycle: 27 Minutes Hot - 3 Minutes Forced 
Air Cool). 






Surface and Cross-Section Morphology of Crack in NiCrAlY + Diffusion Aluminide Coated 
7 / 7 6 Specimen After 505 Hours of Evaluation in 1366 K (2000°F) Burner Rig Cyclic 
Oxidation Test. This crack was detected in the coating prior to testing. (K-15102) 
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Figure 1 7 Effect of Cobalt and Platinum Additions on 131 1 K(1 900° F) NiCrAl Thermal Expansion 
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Figure 18 


Visual Appearance of Coated 7 / 7 6 Erosion Bars After 516 (Top) and 1005 Hours (Bottom) 
Of Evaluation in 1366 K (2000° F) Burner Rig Cyclic Oxidation Test (Cycle: 55 Minutes 
Hot - 5 Minutes Forced Air Cool). ( K-2091 7) 
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Surface Appearances of Unrepaired and Repaired NiCrAlY + Pt (Top), NiCrAlY (Bottom) 
And NiCrAlSiY (Bottom) Coated 7 / 7 ’- 6 Specimens After 1005 Hours of Evaluation in 
1 366 K (2000°F) Burner Rig Cyclic Oxidation Test. (K-20918) 
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Figure 20 Surface Condition of NiCrAlSi Y Coated 7 / 7 6 Specimen (R- 7795) After 226 Hours of 
Evaluation in 1366 K (2000°F) Burner Rig Cyclic Oxidation Test. Incipient melting zone 
(outlined by arrows) developed during the initial 22 hours of testing. (K-19037) 



R-7795 R-7796 


Figure 21 Contrast in Oxide Scale Adherence on NiCrAlSiY Coated 7 / 7 6 Specimens After 246 

Hours of 1366 K (2000°F) Burner Rig Cyclic Oxidation Test. ( K-1 903fl ' 
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Figure 22 Relatively Severe Thermal Fatigue Cracks in (A ) NiCrAlSiY. (B) Unrepaired NiCrAlY^ + Pt 
And (C) NiCrAlY Coated 7 / 7 '- 6 Specimens Miich Developed During 1366 K (2000 F) 
Burner Rig Test Unoxidized crack extension into the 7/7 • 5 substrate is thought to have 
occurred during post-test metallographic preparation. (K-209I9) 


mm 



Ni PLATE 






R-7796 


POST-TEST 516 HRS. 


R-7795 


POST-TEST 1005 HRS 


Nl PLATE 




; . ., ^.- : J L-'T^ 






R7795 


POST-TEST 


1005 HOURS 


Pretest and Post-Test Microstructures of NiCrAlSiY Coated 7/7 - 6 Specimens After 516 
And 1005 Hours of Evaluation in 1366 K (2000°F) Burner Rig Cyclic Oxidation Test 
fCvcle: 55 Minutes Hot - 5 Minutes Forced Air Cool). (K-20920) 


INTENSITY 



DISTANCE 


Figure 24 Relative Nickel, Aluminum, Silicon and Columbium X-Radiation Intensities ofNiCrAlSiY 
Coated 7 / 7 6 (Ni-19. 7Cb-602.5Al) Specimen in Pretest Condition. 
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Figure 25 Blistered Condition of Platinum Rich Surface Layer of NiCrAlY + Pt Coating Prior to 

Being Repaired. (R-l 9040) 
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Figure 26 Pretest and Post- Test Microstructures of Repaired NiCrAlY + Pt Coated y/y 6 Specimens 

After 516 and 1005 Hours of Evaluation in 1366 K (2000°F) Burner Rig Cyclic Oxidation 
Test { Cycle: 55 Minutes Hot - 5 Minutes Forced Air Cool). (K-20922) 
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Figure 28 Contrast in Visual Appearances of (A) Unrepaired and ( B) Repaired NiCrAlY + Pt and (C) 
NiCrAlY Coated 7 / 7 6 Specimens After 1005 Hours of Evaluation in 1366 K ( 200(T F) 
Burner Rig Cyclic Oxidation Test. (K-20921) 
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Figure 29 Relative Nickel. Chromium, Aluminum, Yttrium, Platinum and Columbium X-Radiation 

Intensities of Unrepaired NiCrAlY + Pt Coated 7 / 7 6 (ICr) Specimen in Pretest Condition. 
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IV. FURNACE HOT CORROSION EVALUATION 


A. BACKGROUND 

Intermediate temperature hot corrosion resistance is a primary requirement for airfoil and 
blade root coatings. Since blade roots operate at temperatures significantly below the airfoil 
levels, diffusion aluminide type coatings are not limited by overtemperature capability con- 
siderations for this application. Alternatively, applying the airfoil coatings to the root sur- 
faces may provide an acceptable solution to root coating requirements and be economically 
desirable by reducing the number of processing operations. 

Therefore, laboratory hot corrosion testing of 7/7 -5 coupons coated with the following 
candidate coating compositions was conducted in order to evaluate their potential for 
providing protection for the root: 

• 63m :(2.5 mils) Ni-23Co-18Cr-12.5Al-0.3Y; 

• 63m (2.5 mils) Ni-23Co-l 8Cr-l 2.5A1-0.3Y + 6m (0.25 mil) platinum; 

• 63m (2.5 mils) Ni-18Cr-12Al-0.3Y + 6m (0.25 mil) platinum; 

• 6m (0.25 mil) platinum + 25-76m (1 to 3 mils) diffusion aluminide; 

• 127m (5 mils) Ni-18Cr-5Al-0.3Y + 63m (2.5 mils) diffusion aluminide (pack, 
inward and outward); 

• 127m(5 mils)Ni-18Cr-5Al-0.3Y. 

In addition, the gas phase diffusion aluminide coating, which was otpimized for internal 
surfaces and cooling holes (Section V) was also evaluated in furnace hot corrosion. 

B. SPECIMEN PREPARATION 

Furnace coupons (2.2 x 2.2 x 0.15 cm) were machined from directionally solidified 
7/7 '- 6 (Ni-19.7Cb-6Cr-2.5Al) sheet investment castings (solidification rate: 1.25 cm/hour). 
TD nickel support rods, which are required for fixturing during the coating operation, were 
attached to comers of these coupons. These coupons were then coated with the candidate 
coating compositions. 

(Ni,Co) CrAlY compositions were applied with the electron beam physical vapor deposition 
process. Platinum layers were applied by sputtering. Outward diffusion aluminide coating 
layers were applied to platinum and low aluminum NiCrAlY coated 7/7 '-§ specimens by a 
1297 K (1875°F) pack in 12.5 and 9 hours, respectively. Inward diffusion aluminide coatings 
were applied to low aluminum NiCrAlY coated 7/7 -5 specimens by a 1033 K (1400°F) pack 
in 1.25 hours; the coating was then heat treated (1352 K/4 hours/argon) to convert the 
Ni2Al3 surface layer to NiAl. Visual examination of these specimens after coating indicated 
the presence of craze cracks in the coating. In addition, the NiCrAlY, NiCrAlY + Pt, 
NiCoCrAlY and NiCoCrAlY + Pt coated specimens also received a diffusion heat treatment 
(1352 K/4 hours/H2). 

Tubular 7/7 -6 specimens containing small diameter (0.5 and 0.75 mm) cooling holes were 
coated with the five and eleven hour gas phase aluminizing cycles at 1366 K which were 
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recommended at the conclusion of the optimization study (Section V), Additional specimen 
preparation details are provided in that section. 

C. TEST DESCRIPTION 

Duplicate specimens representative of each coating system were evaluated for up to 250 hours 
in this 1 172 K (1650®F) cyclic (50 minutes hot - 10 minutes cool) furnace hot corrosion 
test. Before every 20 cycles of testing, 0.5 mg cm"2 of Na2S04 was applied to each specimen. 
After each 20 cycles, the specimens were washed, weighed and examined visually. 

During the test, it was observed that the support tab region on the furnace coupons corroded 
extensively resulting in abnormally large weight gains (see Figure 32). For this reason, the 
weight changes observed could not be used to accurately evaluate coating performance. Post 
test coating microstructures and the physical appearances of the coatings away from the tabs 
were used to rank coating performance during this evaluation. 

D. RESULTS AND DISCUSSION 

With the exception of the support tab region at specimen comers, the quality of the surface 
oxide formed on the coated specimens was excellent in most instances (see Figure 32). Only 
the gas phase aluminide and the low aluminum NiCrAlY + diffusion aluminide (pack, out- 
ward) coated y/y '- 5 specimens showed evidence of excessive attack, as shown in Figures 33 
and 34, respectively. Rahdom oxide blisters were observed on the surfaces of these speci- 
mens when testing was terminated. 

Metallographic examination of the NiCoCrAlY (Figure 35) and NiCoCrAlY + Pt (Figure 36) 
coated y/y ’- '8 specimens confirmed impressions obtained by visual examination. The coat- 
ing microstmctures were not significantly affected by reaction with the hot salt. 

Alterations in the pretest NiCrAlY + Pt coating microstmcture, which are associated with 
phase transformation in the Ni-Cr-Al system, were produced as a result of the 1 172 K test ^ 
temperature (see Figure 37). (In addition, it was noted that the off-eutectic substrate condi- 
tion was present only in the pretest coupon. The substrate of the NiCrAlY + Pt coated 
y{y -6 specimens which were tested had the desired yly -8 eutectic microstructure.) Little 
degradation resulting from interaction with the molten Na2S04 was observed. Furthermore, 
comparison of Figure 37B with Figure 35B and 36B once again shows the greater diffusional 
stability of NiCrAlY-type coatings. Replacement of some of the nickel with cobalt increases 
the amount of interaction with the substrate. 

Electron microprobe scans for aluminum, platinum and chromium in the pretest microstruc- 
ture of the NiCrAlY + Pt coating indicated that the platinum in the overlay coating was 
clearly associated with the aluminum-rich |3-NiAl phase (Figure 38). In this coating, the 
chromium is associated with the 7-nickel solid solution phase. Thus, the chromium peaks 
are out of phase with those of aluminum and platinum. The electron microprobe scan of 
the tested specimen showed no significant change in elemental concentrations. 
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Representative sections of the Pt + diffusion aluminide coating are shown in Figure 39. 

Except for some slightly thicker segments of oxide scale, the coating has not been severely 
degraded during the course of the test. In addition, the diffusional stability of the coating at 
1 172 K appears to be excellent. 

Electron microprobe analysis of the Pt + A1 coating indicated that the platinum was concen- 
trated near the external surface even though it had been sputtered on the specimen prior to 
the aluminizing step. In addition, the tested specimen was examined for the presence of sulfur, 
since the formation of sulfides is deleterious to the life of a coating (ref. 26). A small amount 
of sulfur was found in the diffusion aluminide coating, none in the overlay coating. It was 
judged, from the amount of sulfur present in the coating, that degradation of the diffusion 
aluminide coating was minimal, Scans of pretest and post-test Pt + A1 coating microstructures for 
Al, Pt and Cr are provided in Figures 40 and 41 . 

Further examination of the post-test electron microprobe scan of the Pt + Al coating indicated 
the following; 

• The oxide scale formed on the specimen during the laboratory hot corrosion test 
is aluminum-rich and is presumably AI 2 O 3 . This oxide scale is also relatively 
thick. 

• The platinum in the coating is still concentrated at the coating-gas interface, 
although some diffusion has taken place (compare with Figure 40). 

• There is a chromium-rich peak just below the surface which may be due to the 
presence of a CrS particle. 

Hot corrosion testing of specimens with the low aluminum NiCrAlY + diffusion aluminide 
(pack, inward) coating was initiated before the extent of the cracking in the coating was 
known. These cracks, which extend entirely through the coating and into off-eutectic 
substrate in the as-coated condition (Figure 42A), facilitated entry of the Na 2 S 04 into the 
specimen and led to extensive hot corrosion attack during the 110 cycles to which the 
specimen was subjected (Figure 42B). In addition to attack of the substrate, undercutting 
of the coating at the substrate interface was observed. As seen in Figure 42B, the coating is 
also preferentially attacked beginning at the crack wall and extending laterally at a depth 
of about 40 m from the external surface. (A more detailed discussion of the cracking is 
provided in Section III.) 

Low aluminum NiCrAlY + diffusion aluminide (pack, outward) coatings also failed prema- 
turely after 140 cycles as a result of the formation of oxide blisters (see Figure 34). At sites 
where the blisters were observed, the coating was locally penetrated and the substrate 
extensively attacked (Figure 43). However, no evidence of cracking in the coating was 
observed and a different failure mode appears to be operative. At sites where there is no 
local failure, modest degradation in the form of intergranular attack was observed. 
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The low aluminum NiCrAlY coated specimen was attacked to a moderate extent during the 
laboratory hot corrosion testing (Figure 44). The oxide scale formed on this specimen, while 
adherent, was thicker than that formed on the NiCrAlY + Pt, NiCoCrAlY and NiCoCrAlY + Pt 
coatings. The diffusional stability of this coating was good. 

Visual examination of the gas phase aluminide coated 7/7 -5 specimens indicated that local 
coating failures were initiated during the first 20 cycles (Figure 33). Testing of the duplicate 
specimens for each of the two process variations was continued to 40 cycles; at that point, 
the test Was terminated. Metallographic examination of the specimens showed that the 
coating had failed in localized areas with up to 125 m of base metal attack. Figure 45 shows the 
formation of an oxide blister which occurred when hot corrosion attack reached the 7/7 5 
substrate. The coatii microstructure representative of unfailed regions is also provided in 
this figure. 

The short hot corrosion life of the gas phase deposited diffusion aluminide coating is consistent 
with the behavior of a pack aluminide coating which was evaluated in a 1 145 K (1600°F) 
isothermal burner rig test in another program (ref. 4). That program indicated that the hot 
corrosion resistance of the pack aluminide coating had a strong substrate dependence with 
the same coating being unfailed on the D.S. MAR-M 200 + Hf alloy after 300 hours when 
the test was terminated. 

Previous testing also indicated that the pack aluminized 7/7 -5 alloy exhibited negligible 
oxidation degradation during a 1200 K (1700°F) cyclic oxidation burner rig test (ref. 4). It is 
therefore expected that the gas phase aluminide coatings will be adequate for internal surfaces 
and cooling holes of eutectic alloy components where only an oxidation environment is 
anticipated. For the external surfaces such as the blade root, a hot corrosion environment is 
possible, and the gas phase aluminide coating would probably not provide the desired 
protection. 

In summary, the furnace hot corrosion test results indicate that, except for the gas phase 
aluminide and low aluminum NiCrAlY + diffusion aluminide coatings, all of the remaining 
coatings provided a significant amount of protection during the course of the hot corrosion 
test. Based on metallographic examination, the NiCrAlY + Pt coating affords the greatest 
degree of protection to the eutectic alloy in the corrosion test. 
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Surface Condition 0 / 7/7 -5 Eutectic Alloy Coupons. Which Were Coated with Approximately 
63uofNi-I8Cr-12A!-0.3Y by Electron Beam Vapor Deposition and Then Sputter Coated 
with Approximately 6p of Platinum. After Hot Corrosion Testing (250 Cycles) 


at 1172 K(1650’'F). 


Figure 33 


ual Appearance of Gas Phase AluminideMed 7/7 

cimen After Hot Corrosion Testing ( 20 Cycles) at 1172 K( )■ 



Figure 34 


Figure 35 



Surface Condition of 7 / 7-5 Eutectic Alloy Coupons, Which Were Coated with Approximately 
127 p ofNi-18Cr-5Al-0.3Y and Then Pack Aluminized, After Hot Corrosion Testing (140 
Cycles) at 1172 K (1650°F). (K-13226) 




B 

(A ) Pretest and (B) Post-test Microstructures of 7/7 -6 Eutectic Alloy Coupons Coated with 
Approximately 63pofNi-23Co-18Cr-12.5Al-0.3Y by Electron Beam Vapor DeposiHon. 

The Coated 7/7 -6 Coupon was Evaluated for 250 Cycles In The 1172 K ( 1650^F) Cyclic 
Hot Corrosion Test. V 
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{A ) Pretest and (B) Post-test Microstructures of 7/7 -6 Eutectic Alloy Coupons Coated with 
Approximately 63pofNi-23Co-18Cr-12.5Al-0.3Y By Electron Beam Vapor Deiwsition 
and Then Sputter Coated with Approximately 6pof Platinum. The Coated 7/7 -6 Coupon 
Was Evaluated for 250 Cycles in the 1172 K(1650°F) Cyclic Hot Corrosion Test. (K-I3328) 








(A ) Pretest and (B) Post-test Microstructures of y/y -6 Eutectic Alloy Coupons Coated with 
Approximately 63pof Ni-18Cr-12Al-0.3Y by Electron Beam Vapor Deposition And Then 
Sputter Coated with Approximately 6 p (0.25 mil) of Platinum. The Coated yjy -6 Coupon 
Was Evaluated for 250 Cycles In The 1 172 K (1650°F) Cyclic Hot Corrosion Test. (K-13329) 
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Figure 38 Relative Aluminum, Platinum and Otromium X-Radiation Intensities for As-Coated D.S. 

7/7 -6 Eutectic Alloy. The Coating Consists of 63 n of Electron Beam Vapor Deposited 
Ni-l8Cr-12Al-0.3Y Plus 6 p Sputtered Platinum. (K-I5I06) 







(A ) Pretest and (B ) Post -test Microstructures of 7/7 -6 Eutectic Alloy Coupons Sputter 
Coated with Approximately 6pof Platinum and Then Pack Aluminized. The Coated 
7/7 -6 Coupon Was Evaluated for 250 Cycles In The 1172 K ( 1 650° F) Cyclic Hot 
Corrosion Test. (K- 13 330) 
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Figure 40 


DISTANCE 


Relative Aluminum, IHatinum and Chromium X-Radiation Intensities for As-Coated D.S. 
7/7 -6 Eutectic Alloy. The Coating Consists of 6nSputtered Platinum Plus 25 to 76p 
Diffusion Aluminide. 
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DISTANCE 


Figure 41 


Relative Aluminum, Platinum and Chromium X-Radiation Intensities of Coated D.S. 

7/7 -6 Eutectic Alloy After a 1172 K (1650°F) Laboratory Hot Corrosion Test. The Coating 
Consists of 6n Sputtered Platinum Plus 25 to 76p Diffusion Aluminide. (K-15107) 
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Figure 42 




(A) Pretest and (B) Post-test Microstructures of 7 / 7 Eutectic Alloy Coupons Coated wth 

Approximately 127pofNi-18Cr-5Al-0.3Y and nen Diffusion Aluminized 

The Coated 7/7 -6 Coupon Was Evaluated for 110 Cycles In The 1172K (1650 F) 

Hot Corrosion Test. 
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c 

Figure 43 (A) Pretest and (B, C) Post-test Microstructures of 7/7 -6 Eutectic Alloy Coupons Coated with 

Approximately 127pofNi-18Cr-5Al-0.3Y And Then Diffusion Aluminized (Pack, Outward). 
The Coated 7/7 -5 Coupon Was Evaluated for 140 Cycles In The 1172 K (1650°F) Cyclic 
Hot Corrosion Test. (K-13333 

and K-1 3332) 



B 


Figure 44 (A ) Pretest and (B) Post-test Microstructures of y/y -6 Eutectic Alloy Coupons Coated with 

Approximately 127pofNi-I8Cr-5Al-0.3Y. The Coated yly'-b Coupon Was Evaluated for 
250 Cycles In The 1172 K (1650fF} Cyclic Hot Corrosion Test. (K-13334) 
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Figure 45 Post-test Microstructure of Gas Phase A luminide Coated 7/7 -6 Simulated A ir Cooled Blade 

Specimen After 20 Hours of Cyclic Hot Corrosion Testing At 1172 K (1650 F). (A) Typical 
Coating Microstructure in Unfailed Regions. (B) Localized Pitting Attack of The Coating. 

(C) Oxide Blister and Associated Substrate A ttack. 



V. GAS PHASE ALUMINIZING STUDY 


A. BACKGROUND 

The 7 / 7 5 alloy requires oxidation resistant coatings on both internal and external surfaces 
of an air cooled turbine blade. Due to the line-of-sight restrictions of overlay type coatings, 
internal surfaces and cooling holes must be coated with a diffusion aluminide coating. 

An evaluation of conventional pack aluminide type coatings in a previous program (ref. 4) 
indicated that small diameter cooling holes in the 7 / 7 6 alloy were difficult to coat satis- 
factorily. Limited testing under that program indicated that better coverage could be ob- 
tained with the gas phase aluminizing process. For that program, 7 / 7 6 coupons with no- 
minal 0.25, 0.45 and 0.625-mm diameter electrical discharge machined (EDM) holes were 
fully aluminized to a depth of 50ju. 

Available techniques for producing small diameter holes in 7 / 7 '- 5 specimens were also 
evaluated in the above program. The results of that program indicated that the EDM tech- 
nique frequently introduced small surface-connected microcracks into the eutectic alloy ad- 
jacent to the hole wall. In addition, a tliin remelt layer lined the EDM holes; this layer was 
occasionally observed to be contaminated with tungsten (the electrode material). Examina- 
tion of laser drilled holes indicated that a variable thickness remelt layer was present wliich 
had a tendency to delaminate. Holes produced by electrochemical machining (ECM) were 
observed to have surface irregularities due to the 7 / 7 ' phase regions being chemically at- 
tacked to a slightly greater degree than the 5 phase regions. 

The objective of this phase of the program was to optimize the gas phase diffusion aluminide 
coating (PWA 275) process for coating internal surfaces and ECM cooling holes in a simulated 
eutectic alloy airfoil specimen. 

B. SPECIMEN PREPARATION 

Twelve simulated airfoil specimens were machined from 1.6-cm diameter investment cast 
7 / 7 ' - 5 (6 Cr) rods which were directionally solidified at a rate of 1.25 cm/hour in alumina 
shell molds. The simulated air cooled blade configuration was made to represent the inter- 
nal cavity and current cooling holes (diameter and length) anticipated for an air cooled 
7 / 7 '- 6 blade. The simulated 7 / 7 '- 5 blade specimens are hollow cylindrical tubes [7.6 mm 
(0.3 inch) ID and 12.7 mm (0.5 inch) OD] . Four sets of eight ECM drilled holes were spaced 
90 degrees apart. The series of eight holes consisted of two holes of 0.5 mm (0.020 inch) 
and 0.75 mm (0.030 inch) in diameter drilled at 90 degrees and 45 degrees to the surface 
(Figure 46). 

During the development of the gas phase process to coat conventionally cast and direction- 
ally solidified superalloys, it was determined that a two-chambered coating boat improved 
the internal coating uniformity on the more complex blade configurations. Tie two- 
chambered boat being used in this program is shown schematically in Figure 47. Basically, 
the aluminizing vapors for the internal coating are generated from a powder mixture con- 
tained in the lower chamber. These vapors are mixed with an inert gas wliich provides a 
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positive flow, allowing the vapor mixture to pass through a tube and through the internal 
surface of the test specimen. The upper chamber contains the test specimen to be coated 
which is supported on a tube above a second powder mixture which generates vapor to coat 
the external surfaces. 

C. GAS PHASE ALUMINIDE OPTIMIZATION 

This gas phase deposition process (PWA 275) requires a definition of process parameters for 
each superalloy component to accommodate the individuality of its substrate composition 
and configuration. It was determined that eight 7 / 7 6 simulated air cooled blade test spe- 
cimens were required to adequately define all process parameters. Four test specimens were 
used to determine the process temperature, flow rate and powder mixture parameters. The 
basis for Run 1 was the current basic parameter set for the PWA 275 process. The test spe- 
cimen for Run 2 was sealed at one end and the conditions of Run 1 were repeated. Run 2 
was used to determine whether an advantage would be gained by forcing the gas generated 
in the lower chamber to pass through the cooling holes into the upper chamber. Run 3 
evaluated the use of a lower process temperature. Run 4 determined the effect of an increase 
in the activator content. The remaining four test specimens were used in determining a time 
at temperature versus thickness curve for optimum coating conditions. Test conditions for 
the gas phase aluminizing process study are provided in Table II. 

After each of the first four runs, the PWA 275 coated 7 / 7 '- 6 specimens were metallograpliic- 
ally examined in the as-coated and heat treated conditions. The post-coaiing heat treatment 
consisted of four hours at 1352 K in an argon atmosphere, 

• Metallograpliic examination of these specimens showed that the 7 / 7 ' phase regions in the 
substrate were aluminized to a greater depth than the 6 phase platelets. This effect was es- 
pecially pronounced in the ECM cooling air holes where both phases were exposed at 90 
and 45 degree angles to the surface of the specimen. Figure 48 illustrates these locahzed 
variations in coating thickness; this figure also indicates that coating thickness variations 
were dependent on the thickness of the 5 phase platelets. Figure 49 shows the contrast in 
coating microstructure which was observed in ECM cooling holes and internal and external 
surfaces. Tables III and IV illustrate the optically measured coating thickness. The results 
are tabulated for the internal coating thickness (coating on the ID), the external coating 
thickness (coating on the OD), and the cooling hole coating thickness. The coating thick- 
nesses measured throughout the cooling holes were further tabulated to include the phase 
dependent coating thickness variations for both hole diameters and orientations. In general, 
the coating thickness obtained by aluminizing the 7 / 7 ' phase regions was found to be about 
twice that obtained by aluminizing the 6 phase platelets for both the 1311 K (1900 F) and 
1366 K (2000° F) coating runs. 

The sealed test specimen of Run 2 showed no significant thickness increase in the cooling 
holes. Therefore, the test specimens were left open for subsequent coating trials. 

Increasing tlie activator content resulted in a slight increase in coating thickness. The alumi- 
nide coating thickness over 5 phase regions increased by about 5/x while the coating thickness 
over 7 / 7 'phase areas increased by about 20/i. Tlierefore, increasing the activator content 
slightly increased the magnitude of the local coating thickness variations. 
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For a constant activator content (5 weight percent), the coatings produced at 1 366 K 
(7000° F) were about twice as thick as the coating formed at 13 1 1 K (1900°F). Increasing 
the activator content from 5 to 10 weight percent produced coating tliicknesses which were 
closer to those obtained at 1366 K. 

Based on the results of the parameter study, the remaining four 7/7 5 specimens were used 
to establish the relationship between coating time and coating tliickness for the higher tem- 
perature (1366 K) process conditions. The times selected were 2, 5, 8 and 1 1 hours. The 
five hour coating trial duplicated Run 1 and illustrated tlie reproducibility of the process 
(Table IV, Run 6). After each time cycle, the test specimen was heat treated four hours at 
1352 K in argon and examined metallograpWcally. 

Coating thickness results are tabulated in Table IV for Runs 5 tlirougli 8. Figure 50 shows 
the variation of internal and external coating thickness as a function of time at temperature. 
Figure 5 1 shows the variation of cooling hole coating thicknesses as a function of time at 
temperature and substrate phases. Comparison of Figures 50 and 51 shows that the mini- 
mum coating thickness measured on the internal and the external surfaces is equivalent to 
the minimum coating thickness obtained over 5 phase regions in the cooling holes. The 
maximum coating thickness on the internal and external surfaces (Figure 50) was within the 
scatter band of coating thickness obtained over 7/7 'phase regions in the cooling holes. 


Coatings produced with the five hour (Runs 1, 6) and 1 1 hour (Run 8) gas phase aluininizing 
cycles at 1366 K (2000°F) were selected for further evaluation in the 1 172 K (1650 F) hot 
corrosion test. Duplicate 7/7 '- 6 specimens were coated with these two cycles and evaluated 
as indicated previously in Section IV. 
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TABLE II 


PWA 275 PROCESS PARAMETERS 


Run 

External 

Pack Composition 

Internal 

Pack Composition 

Flow Rate 

Time at 
Temperature 

Temperature 

No. 

C 02 AI 5 

Activator 

AI 2 O 3 

C 02 AI 5 

Activator 

AI 2 O 3 

(liters/hour) 

(hours) 

( K) 

1 

1 Q w/o 

10 w/o 

80 w/o 

10 v//o 

5 w/o 

85 w/o 

170 

5 

1366 

2 * 

1 0 w/o 

10 w/o 

80 w/o 

10 w/o 

5 ,y/o 

85 w/o 

170 

5 

1366 

3 

1 0 w/o 

10 w/o 

80 w/o 

10 w/o 

5 w/o 

85 w/o 

170 

5 

1311 

4 

1 0 w/o 

20 w/o 

70 w/o 

1 0 w/o 

10 w/o 

80 w/o 

170 

5 

1311 

5 

1 0 w/o 

10 w/o 

80 w/o 

10 w/o 

5 w/o 

85 w/o 

170 

2 

1366 

6 

10 w/o 

10 w/o 

80 w/o 

10 w/o 

5 w/o 

85 w/o 

170 

5 

1366 

7 

10 w/o 

10 w/o 

80 w/o 

10 w/o 

5 w/o 

85 w/o 

170 

8 

1366 

8 

10 w/o 

10 w/o 

80 w/o 

10 w/o 

5 w/o 

85 w/o 

170 

11 

1366 


♦During Run 2, the tube was sealed at the top such that all of the coating vapors would pass through the cooling air holes. 
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TABLE III 


PWA 275 COATED TEST SPECIMENS 


External 


Internal 


1 

2 

3 

4 


1 

2 

3 

4 

5 

6 

7 

8 


Coating 

Coating 

0.50 mm Holes Coating Thickness (microns) 

0.75 mm Holes Coating Thickness (microns) 

Thickness 

Thickness 

90° 


45' 

) 


90° 

45' 


(microns) 

(microns) 

7 / 7 '-Phases 

5-Phase 

7 / 7 '-Phases 

5 -Phase 

7 / 7 '-Phases 

5 -Phase 

7/7 '-Phases 

5-Phase 

31-71 

28-76 

71-84 

25 - 31 

76 - 89 

25-42 

76-89 

25-42 

76-84 

25-31 

31-71 

30-71 

64-84 

36- 43 

76-84 

36-41 

68-84 

25-43 

76-84 

30-42 

20-41 

15-46 

36-41 

15-20 

38-41 

13-18 

36-46 

15-25 

38-41 

15-20 

25 - 43 

28 - 64 

51-61 

15- 20 

71-76 

23-25 

53-61 

20-25 

51-64 

18-25 





TABLE IV 








PWA 275 

COATED 

+ FOUR HOURS AT 1352 K 




External 

Internal 









Coating 

Coating 

0.50 mm Holes Coating Tliickness (microns) 

0.75 mm Holes Coating Thickness (microns) 

^ - _rv 

Thickness 

Thickness 

90 

Q 

45 

0 


90^^ 

45 


(microns) 

(microns) 

7/7 '-Phases 

5-Phase 

7 / 7 '-Phases 

5-Phase 

7/7 '-Phases 

5 -Phase 

7 / 7 '-Phases 

6 -Phase 

31-69 

28 -71 

64-76 

28-31 

64-84 

25-33 

76-84 

25-42 

64-76 

25-33 

42-84 

42-67 

64-76 

31-42 

64-76 

36-46 

67-76 

36-41 

64-76 

36-46 

20-64 

20-46 

56-64 

18-23 

46-53 

23-25 

53-57 

20-25 

46-51 

20 - 25 

30 - 61 

25-71 

53-69 

28 - 30 

46-51 

28-36 

66-76 

28-33 

56-64 

25-30 

20-42 

20-46 

53-64 

20 - 32 

48-64 

20 - 32 

42-56 

25-28 

51-64 

25-32 

30-71 

31-64 

56-71 

25-38 

57-64 

28-42 

64-84 

32-42 

71-84 

25-32 

42-84 

36-84 

64-80 

32-42 

60-76 

30-39 

60-81 

39-48 

60-76 

25-39 

42-93 

46-93 

64-84 

42-51 

71-84 

42-53 

76-93 

42-46 

76 - 93 

46-55 
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Figure 48 Variation of Diffusion Aluminide Coating Thickness MHth 8 Phase Platelet Thickness 

(K-20925) 



COATING THICKNESS (MICRONS) 


C0ATIW6 MICROSTRUCTURE 



Figure 49 Typical PWA 275 Coating Microstructure at Junction of ECM Cooling Hole and Internal and 
External Surfaces ofyjy '• 6 Simulated Air Cooled Blade Specimen ( Run 6). ( K-20926) 



Figure 50 Thickness of PWA 275 Coating on Internal and External Surfaces 0 / 7 / 7 5 Eutectic Alloy 

Specimen as a Function of Coating Time at 1366 K (2000 F) 
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COATING TIME (HOURS) 


Figure 51 


Dependence ofPWA 275 Coating Thickness on Coating Time at 1366 K ( 2000° F) and Phases 
Being Aluminized in ECM Cooling Holes of 7/7 ' ® EutecHc Alloy Specimen 




VI. COATING DUCTILITY EVALUATION 


A. BACKGROUND 

Ductility tests at 578 K (600°F) are used to screen coating-substrate systems and verify that 
they can withstand a few relatively severe thermal strains with peak tension at low tempera- 
tures where many coatings are relatively brittle. The thermal strain ranges present in typical 
gas turbine airfoils are expected to be in the order of 0.15 to 0.35 percent strain. 

Previous ductility evaluations of coated 7 / 7 '- 5 ‘ eutectic at 578 K indicated that substrate 
failure strains were influenced by the particular coating system present (refs. 4, 5). In 
general, aluminized specimens exhibited substrate failure strains which were similar to those 
for the uncoated alloy (> 2 percent), while those for the overlay coated specimens varied 
from less than 1 percent to 2 percent depending upon the particular system. 

Reducing the thickness of the overlay coating from about 127/i (5 mils) to 63.5ja (2.5 mils) 
was thought to provide a solution for alleviating low temperature, low strain failures. This 
hypothesis was evaluated in this program with three of the six candidate overlay coating sys- 
tems (NiCrAlY + Pt, NiCoCrAlY + Pt and NiCoCrAlY). NiCrAlY + A1 and NiCrAlSiY coat- 
ing systems were evaluated at nominal 127jti thicknesses. In addition, the ~ 70/r thick Pt + 
A1 coating was evaluated for coating ductility. 

B. SPECIMEN PREPARATION 

Twelve tensile specimens were machined from 1 1-cm length x 1.6-cm diameter rods which 
were directionally solidified in alumina investment casting shell molds at a rate of 1 .25 cm/ 
hour. The specimen geometry is identical to that used previously (refs. 4 and 5). 

Duplicate specimens were then coated with the following six candidate coating systems: 

• Pt + Al 

• NiCrAlY + Pt 

• NiCoCrAlY + Pt 

• NiCoCrAlY 

• NiCrAlY + A1 

• NiCrAlSiY 

In addition, two directionally solidified (D.S.) MAR-M 200 + Hf specimens were prepared 
and coated with the NiCrAlY + Pt coating system. 

C. EXPERIMENTAL PROCEDURE 

Coating ductility determinations were made by running an interrupted tensile test. The 
coated specimen was heated to the specified temperature and then loaded in tension to a 
predetermined level of strain. The specimen was then unloaded and cooled to room tem- 
perature so that plastic sfirface replicas could be taken. Testing was continued in an incre- 
mental fashion, with replicas being taken after each strain increase, until cracking of the 


coating was detected. Surface replicas were examined at a minimum magnification of lOOX 
to detect cracking. In addition, failure strains for all the coated specimens were determined. 

D. TEST RESULTS 

Coating cracks were initiated in the Pt + A1 coating between 0.5 and 0.7 percent strain; 
failure strains for the duplicate specimens were 3.3 and 4.2 percent strain. Post-test ex- 
amination of the specimen indicated that the coating cracked extensively; typical secondary 
cracks in the Pt + A1 coating are shown in Figure 52. 

Cracking in the NiCrAlY + Pt coating was intiated between 0.5 and 0.7 percent strain. Post- 
test examination of secondary cracks indicated that coating cracks were predominately con- 
fined to the thin Pt-rich surface layer as shown in Figure 53. Specimen failure strains for 
these specimens varied from 3.4 to 4.5 percent strain. 

For comparison, the dupUcate NiCrAlY + Pt coated D.S. MAR-M200 + Hf specimens ex- 
hibited coating fracture strains between 1 .0 and 1 .4 percent strain and specimen failure 
strains of 7.4 and 8.9 percent. Metallographic examination of secondary coating cracks in- 
dicated that the morphology of the cracks was similar to the cracks in the same coating on 
the yjy - 6 alloy; coating cracking was predominantly confined to the thin Pt-rich surface 
layer. 

Secondary cracking in the Pt-rich surface layer of the NiCoCrAlY + Pt coating (Figure 54) 
also initiated between 0.5 and 0.7 percent strain. In addition, post-test metallography in- 
dicated that some secondary cracks also were present in the diffusion affected substrate. 
Specimen failure strains varied from 2.2 to 3.1 percent strain. 

Replica examination of the NiCoCrAlY coated 7 / 7 ^ - 6 specimens indicated that the Ni 
CoCrAlY coating was uncracked after 1.9 to 2.0 percent strain. Post-test metallographic 
examination of the NiCcCrAlY coated 7 / 7 ' - 5 specimen revealed the presence of short 
cracks in the diffusion affected substrate zone, however (see Figure 55). Specimen failures 
occurred at strains of 2.4 and 2.7 percent. 

Fracture of the NiCrAlY + A1 (pack, inward) coating was detected between 0.2 and 0.4 per- 
cent strain. In addition, it should be recalled that this coating was cracked in the virgin 
condition on the 7 / 7 ' - 5 erosion bars (See Section III). The microstructure of typical 
secondary cracks is shown in Figure 56. Specimen failure strains varied between 3.2 and 
6.5 percent for this system. 

Failure of the 1 21 n thick NiCrAlSiY coated 7 / 7 ' - 5 specimens occurred at 1 .4 and 1 .6 per- 
cent total (elastic and plastic) strain. Examination of the surface replicas for each specimen 
failed to reveal any indication of coating cracking prior to the final strain increments. 
Therefore, coating crack initiation occurred just prior or concurrent with specimen failure, 
i.e., in the ranges of 1 .05 to 1.4 percent and 1.3 to 1.6 percent strain, respectively. The 
microstructure of a secondary crack in the NiCrAlSiY coated specimen is shown in 
Figure 57. Metallographic examination also indicated that the substrate contained 7 phase 


dendrites which indicate that the columbium content was somewhat low. Fracture strain 
data obtained for the coated eutectic alloy in this program is summarized in Table V. 

Ductility data obtained in previous NASA (ref. 5) and Air Force (ref, 4) programs are pro- 
vided in Tables VI and VII for comparison. 

E. DISCUSSION 

The data obtained during the current investigation is consistent with ductility data obtained 
previously in other programs (refs, 4, 5). 

7/7' - '5 specimens coated with diffusion aluminide type coatings (e.g., Pt + A1 and 
NiCrAlY + Al) exhibited similar coating fracture strains as other diffusion aluminide-type 
coatings (Al, Cr + Al, Ni + Cr + Al and NiCrAlY + Al) which were previously evaluated. 

Briefly, coating crack initiation occurs between 0.2 and 1 .0 percent strain for diffusion 
aluminide-type coatings. Numerous additional closely spaced coating cracks form as the 
coated 7/7' - 5 specimens are pulled to failure. Failure strains of diffusion aluminide coatings 
vary between 2.2 and 7.1 percent strain; these strain levels are consistent with those of 
uncoated 7/7' - 6 specimens at 578 K. 

The brittle behavior of the diffusion aluminide-type coatings is due to the j3 (NiAl) inter- 
metallic matrix phase which is characteristic of practical diffusion aluminide coating 
systems (refs. 23, 24). In contrast, practical (Ni,Co) CrAlY overlay coating microstructures 
are not restricted to phase matrix compositions. When required, increased coating duc- 
tility can be obtained by dispersing the aluminum-rich P phase in a metallic 7 (Ni, Co solid 
solution) phase matrix. The aluminum content of overlay coatings has the largest single 
effect upon coating ductility, with the lower aluminum compositions exhibiting the higher 
ductility (ref. 24). However, decreasing the aluminum content also decreases the oxidation/ 
hot Corrosion life of (Ni, Co) CrAlY coatings. Thus, unlike the diffusion aluminides, the 
overlay coatings can be adjusted through chemistry selection to provide the best trade-off of 
oxidation/hot corrosion life and ductility to meet the needs of a given application. 

Referring lo Table V, it can be observed that the fracture strain of the NiCoCrAlY coating was 
> 2 percent strain. Fracture strains of the NiCrAlY + Pt and NiCoCrAlY + Pt coatings were 
between 0.5 and 0.7 percent strain. Metallographic examination indicated, however, that 
this decreased ductility was associated with the thin Pt-rich surface layer which etches similar 
to the /3 phase (See Figures 53 and 54); the adjacent coating exhibited excellent coating 
ductility. 

In previous investigations (refs. 4, 5), it was noted that y/y' - 5 specimens coated with 
relatively thick (~ 125/^) (Ni, Co) CrAlY coatings tended to exhibit specimen failure strains 
in the range of 0.5 to 2.2 percent which were below the typical 2 to 5 percent failure strains 
of the imcoated 7/7' - 6 alloy at 578 K. The specimen failure strains (1.4 and 1 .6 percent) 
of theNiCrAlSiY coated specimens are consistent with this behavior. 

Prior testing also indicated that the relatively low strain failures of (Ni, Co) CrAlY coated 
7/7' - 5 specimens were probably the result of a mechanical interaction between the 
relatively thick (~ 125 m) coating and the substrate (refs. 4, 5), 
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In the case of the higher aluminum content NiCrAlY and NiCoCrAlY overlay coatings, which 
are relatively brittle at 578 K, evidence is available to indicate that crack initiation usually 
occurred in the coating. Low strain specimen failures frequently occurred ^most concur- 
rently with coating crack formation. Some 7/7' - 5 specimens coated with ductile NiCoCrAlY 
and NiCrAlY (5 Al) + NiCoCrAlY coatings also exhibited low strain specimen failures. 
Metallographic examination of these specimens revealed the presence of cracked substrate 
porosity adjacent to the coating in some instances. Once microcracks have been “Vitiated in 
either the coating, the diffusion affected substrate zone, or the adjacent substrate (which 
has not been affected by coating-substrate interdiffusion), it is speculated tliat these micro- 
' cracks could then propagate into the coating and/or continue propagatmg into the substrate 
in order to produce a critical crack size. 


Fracture mechanics concepts indicated that, if the coating is cracked to the substrate, t e 
elastic modulus and the thickness of the coating will affect the magnitude of the crack s 
stress intensity factor, i.e. a crack in a strong, thick coating should be more deleterious than 
a crack in a strong, thin coating. Therefore, it was thought that reducing the thickness ^ 
the strong coating layer may provide a solution to the low strain failure phenomenon. The 
results obtained in this program tend to substantiate this hypothesis. Failure strains of 
yly 6 specimens coated with thin (~ 60 p) overlay coatings were between 2.2 and 4.5 per- 
cent strain; these values are similar to the ductUity of uncoated 7/7 6 at this temperature. 


A possible explanation for the good ductility of diffusion aluminide coated 7/7' - 5 speci- 
mens with cracks through the coating thickness is that, due to the very high density of 
coating cracks, the effective elastic modulus of the cracked coatings was very low. If this 
hypothesis is correct, an individual crack in a highly cracked coating would not represent a 
large stress raiser. Tliin coating thicknesses of diffusion aluminide type coatings are also 
beneficial from a stress raiser standpoint. 


Finally, in order to put these results into perspective, it should be recalled that the purpose 
of this tensile ductility test is to verify that the fracture strains of the coatings exceed values 
in the order of 0.1 5 to 0.35 percent strain which are expected in a typical gas turbine air- 
foil. 

The results of this and previous investigations indicate that the fracture strains of all the 
coating systems which have been evaluated on the 7/7 - 5 alloys exceed the magnitude of 
anticipated thermal strains with the possible exception of the NiCrAlY + Al system. In 
addition, it has been demonstrated that somewhat higher specimen failure strains can be 
obtained by decreasing the coating thickness. However, since the magnitude of the thermal 
strains is low, there is probably minimal benefit in reducing coating thickness on the airfoil; 
thermal fatigue testing (Section VII) has demonstrated that acceptable fatigue lives for 
7/7' - 6 specimens can be obtained with NiCrAlY and NiCrAlY + Pt coatings applied to a 
thickness of ~ 125 /i. Furthermore, reducing coating thickness would also adversely affect 
the oxidation life. 
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TABLE V 


578 K (600“F) COATING FRACTURE AND SPECIMEN FAILURE STRAINS 



Coating Fracture 

Specimen Failure 

Nominal 

Coating 

Thickness 

Coating System 

Strain (%) 

Strain (%) 

(microns) 

Pt (sputter) + A1 (pack) 

0.5-0.7 

4.2 

70 

Pt (sputter) + A1 (pack) 

0.5-0.7 

3.3 

70 

Ni-15.8Cr-l 2.5A1-0.2Y (e.b.) + Pt (sputter) 

0.5-0.7 

4.5 

62.5 

NM5.8Cr-12.5Al-0.2Y (e.b.) + Pt (sputter) 

<1.4 

3.4 

62.5 

Ni-24.0Co-18.8Cr-12.1 A1-0.2Y (e.b.) + Pt (sputter) 

0.5-0.7 

3.1 

62.5 

Ni-24.0Co-l 8.8Cr-l 2. 1 A1-0.2Y (e.b.) + Pt (sputter) 

0.9-1. 1* 

2.2 

62.5 

Ni-24.1Co-18.8Cr-12.0Al-0.2Y(e.b.) 

> 1.9* 

2.4 

62.5 

Ni-24.lCo-18.8Cr-12.0Al-0.2Y (e.b.) 

>2.0 

2.7 

62.5 

Ni-16.4Cr-6.4Al-0.04Y (e.b.) + diffusion aluminide (pack-inward) 

0.2-0.4 

6.5 

127 

Ni-16.4Cr-6.4Al-0.04Y (e.b.) + diffusion aluminide (pack-inward) 

0.2-0.4 

3.2 

127 

Ni- 1 7 .OCr- 1 0.7A1-3 .5 Si-0. 1 Y (e.b. ) 

1.05-1.4 

1.4 

127 

Ni- 1 7 .OCr-1 0.7 Al-3 .5 Si-0. 1 Y (e.b. ) 

1.3-1 .6 

1.6 

127 


*NiCoCrAlY layer was very thin; possible abrasion of coating occurred during glass bead peening operation. 



TABLE VI 


578 K (600°F) COATING FRACTURE AND 7 / 7 ' - 5 FAILURE STRAINS 
(NASA CONTRACT NAS3-1 6792) 



Nominal 

Coating 

Coating 

Specimen 


Thickness 

Fracture 

Fracture 

Coating System 

(microns) 

Strain (%) 

Strain (%) 

Ni-15.2Cr-12.8Al-0.31Y 

125 

0.60-0.70 

0.70 

Ni-17.8Cr-12.6Al-0.31Y 

125 

0.40-0.49 

0.74 

Ni-29.4Co-19.lCr-15.6Al-0.35Y 

125 

0.40-0.47 

0.47 

Ni-29.4Co-19.lCr-15.6Al-0.35Y 

125 

0.40-0.48 

0.48 

Ni-15.2Cr-12.8Al-0.31Y + Pt 

125 

0.61-0.81 

1.97 

Ni-1 5 .3Cr-7. 1 A1-0.34Y + Pack 

Aluminide 

125 

0.41-0.51 

>7.15 

Ni-15.3Cr-7.1Al-0,34Y + Pack 
Aluminide 

125 

0.40-0.52 

6.1 

Ductile Aluminide 

30 

0.51-0.67 

4.04 

Ductile Aluminide 

30 

0.79-1.02 

2.28 

Nickel/ Chromize/Aluminize 

100 

0.40-0.50 

6.04 

Nickel/Chromize/Aluminize 

100 

0.41-0.51 

4.83 

Uncoated 

— 


3.56 

Uncoated 

— 


3.40 
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TABLE VII 


578 K (600°F) COATING AND y/y - 6 SUBSTRATE FRACTURE STRAINS 
(AF CONTRACT F33657-7 l-C-0789) 



Nominal 




Coating 

Coating 

Specimen 


Thickness 

Fracture 

Fracture 

Coating System 

(microns) 

Strain (%) 

Strain (%) 

PWA 270 

60 

>2.0 

2.47 

PWA 270 

60 

>2.0 

2.58 

PWA 270 

40 

>2.0 

2.40 

PWA 270 

40 

>2.0 

2.70 

PWA 270 

125 

1.10-1.18 

1.18 

PWA 270 

125 

>2.0 

2.21 

NiCrAlY + PWA 270 

25 + 100 

0.5-0.67 

0.67 

NiCrAlY + PWA 270 

25 -1- 100 

0-0.49 

0.50 

NiCrAlY -i- PWA 270 

60 + 60 

2.01 

2.64 

NiCrAlY + PWA 270 

60 + 60 

1.36-1.68 

2.68 

PWA 28 

25 

0.5-0.6 

3.97 

PWA 28 

25 

0.6-0.8 

2.37 

PWA 28 

75 

0.40 

2.60 

PWA 28 

75 

0.45 

2.20 

NiCrAlY + PWA 28 

25 + 100 

0.3-0.4 

3.70 

NiCrAlY + PWA 28 

25 + 100 

0.3-0.4 

3.20 

Uncoated 

— 

— 

2.0-5 .0 


PWA270: Ni-23Co-18Cr-12.5Al-0.3Y 

NiCrAlY: Ni-1 8Cr-6Al-0.3Y 

PWA 28; Diffusion Aluminide (outward) 
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Figure 53 Post-Test Microstructure ofNiCrAlY + Pt Coated 7/7 - 6 Tensile Ductility Specimen 
Showing Secondary Cracking. Coating Fracture Strain, 0.5 to 0. 7%i Specimen Failure 
Strain. 4.5%; Test Temperature, 578 K. (K-13338) 


Figure 52 Post-Test Microstructure ofPt + Al Coated yH - 6 Tensile Ductility Specimen Showing 

Secondary Cracking. Coating Fracture Strain, 0.5 to 0. 7%; Specimen Failure Strain. 4.2%; 
Test Temperature, 578 K. (K-13338) 
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F/;^re 54 Post-Test Microstructure of NiCbCrAlY + Pt Coated y/y - 6 Tensile Ductility Specimen 
Showing Secondary Cracking. Coating Fracture Strain, 0.5 to 0. 7%; Specimen Failure 
Strain, 3.1%; Test Temperature, 578 K. (K-13339) 



Figure 55 Post-Test Microstructure of NiCoCrAlY Coated yjy' - 8 Tensile, Ductility Specimen; Note 

Secondary Cracking in Diffusion Affected Substrate. Coating Fracture Strain. '>2.0%; 
Substrate Failure Strain, 2. 7%; Test Temperature, 578 K. (K-13339) 


77 


to ^ > 



llSi 

Y 

Coat 

atin 

78 

If 

K 

Fraci 








VII. THERMOMECHANICAL FATIGUE TESTING 
A. BACKGROUND 

Airfoil cracking due to the strain-temperature cycling, which occurs on acceleration and de- 
celeration of a gas turbine engine, is one of the major factors limiting the life of high-pressure 
turbine blades. This fatigue cracking is caused by cyclic strains induced by temperature grad- 
ients in the airfoil, usually in the vicinity of the leading or trailing edge. In addition, it has 
been observed that the thermal fatigue life of a given superalloy can be sipificantly altered 
by application of oxidation resistant coatings (ref. 24). Consequently, it is important to eval- 
uate the thermal fatigue properties of all candidate materials for turbine blade applications. 

Advanced hollow airfoil designs employ complex internal air cooling schemes which are nec- 
essary to maintain the structural superalloy at acceptable temperature levels. Depending on 
the specific component, thin-walled sections can experience widely different thermal fatigue 
cycles wherein the maximum tensile strain may occur at low, intermediate or high tempera- 
tures. Laboratory thermomechanical fatigue tests are designed to simulate the important 
aspects of these engine thermal cycles. Thermomechanical fatigue (TMF) Cycle I peaks ten- 
sile and compressive strains at the low and high temperature, respectively , Cycle II peaks the 
tensile and compressive strains at high and low temperatures, respectively (see Figure 54). 

An investigation of the mechanical properties of NiCoCrAlY coatings indicated that, at higli 
temperatures, the flow stress (creep resistance) of ductile NiCoCrAlY coatings is low, and 
significant creep can occur at low strain rates (ref. 22). As a result, stress relaxation occure 
in the coating at high temperatures during cruise conditions, and equilibration of the coating 
to a zero elastic strain condition occurs. It is therefore convenient to define the zero strain 
condition of the coating at the maximum temperature of the TMF cycle, as shown in Figure 
58. While this type of data has not been obtained for NiCrAlY and NiCrAlY + Pt coatings, 
similar behavior is expected for these coating systems. 

Because the coating and superalloy substrate will, in general, have different coefficients of 
thermal expansion, a, significant thermal expansion mismatch strains can develop in a coating 
during thermal cycling. These tensile or compressive thermal expansion mismatch strains can, 
respectively, increase or decrease the magnitude of the coating strain as shown in Figure 58. 

When significant Cycle I (maximum tension at minimum temperature) type thermomechanical 
strain conditions are present on an airfoil, it is of particular concern from a coating stand- 
point since many coatings have limited ductility at relatively low temperatures (refs. 24, 27). 
Cycle II, which peaks the tensile strain at relatively high temperatures, is generally of less con- 
cern from a coating viewpoint. Since coating-substrate interactions were of primary interest 
in these investigations, NiCrAlY and NiCrAlY + Pt coated thermomechanical fatigue specimens 
were evaluated under Cycle I conditions. A NiCrAlY + Pt coated 7/7 * ^ specimen was 
evaluated under Cycle II conditions for comparative purposes, however, in an Air Force 
program (ref. 4). 
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A fracture mechanics model (ref. 21) has recently been developed for analysis of the propa- 
gation of coating initiated thermal fatigue cracks into superalloy substrates under Cycle I 
thermal strain conditions (maximum tension at minimum temperature). This model indicated 
that, in addition to the magnitude of the thermomechanical strain range (Ae.j,j^), coating- 
substrate thermal expansion mismatch strain (Ae^,), coating thickness (t), and the coating- 
substrate elastic modulus ratio (Ec/Es) significantly affect the rate of crack propagation into 
the substrate. 

Based on the burner rig and hot corrosion test results obtained in this program, as well as 
previous data obtained under NASA (ref. 5) and Air Force (ref, 4) contracts, the NiCrAlY + 

Pt and NiCrAlY coating systems were selected for coating the 7/7' - 6 (6 Cr) specimens. 

B. SPECIMEN PREPARATION 

Four 7/7' - 6 (6 Cr) thermomechanical fatigue castings were directionally solidified in contoured 
alumina investment casting shell molds and machined to tlie required specimen geometry as 
described elsewhere (refs. 4, 5). These specimens were then coated with 12 ?m (0.005 inch) 
of Ni-18Cr-i2Al-0.3Y by the electron beam vapor deposition process. Two of these specimens 
also received a sputtered 6/i (0.00025 inch) tliick surface layer of Pt which was subsequently 
diffused into the NiCrAlY layer during the postcoating diffusion heat treatment at 1352 K. 

C. TEST PROCEDURE 

Tliermomechanical strain cycling tests were performed in a closed loop servo hydraulic fatigue 
machine which provided synchronized, independently programmable thermal and mechanical 
cycling. Cycle I temperature and strain conditions were programmed so that the specimen 
would be in tension (+0.15 percent strain) at the minimum temperature and in compression 
(-0.15 percent strain) at the maximum temperature. An induction coil surrounding the speci- 
men was used for heating, and forced air directed on the outer surface of the specimen was 
used for cooUng. The cycle period was 135 seconds. 

The Cycle I temperature range (755 to 1200 K) which was used for specimens E487 and 
E488 was based on a thermal strain analysis for an air cooled 7/7 '- 5 eutectic alloy turbine 
blade (ref. 28). Tlie 0.3 percent strain range, which was used in these tests, permits a direct 
comparison with the data obtained (prior to the thermal strain analysis) with Cycle I (700 
to 131 IK) conditions; it should be noted, however, that the calculated thermal strain range 
for an air-cooled eutectic alloy turbine blade is lower (0. 16 percent strain). 

Plastic replicas of the coating surface were taken periodically to facilitate detection of coating 
cracks. Post-test analysis included visual examination of fracture surfaces of selected coating- 
initiated thermal fatigue cracks and metallographic examination of the coating and substrate 
microstructures. 

D. RESULTS AND DISCUSSION 

Respective thermomechanical fatigue lives of NiCrAlY and NiCrAlY + Pt coated 7/7' - 5 
(6 Cr) specimens which were tested under this contract and previous NASA (ref. 5) and 
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Air Force (ref. 4) contracts are provided in Table VIII and Figure 59;in addition, Cycle I 
data from an internal P&WA program for D.S. MAR-M 200 + Hf specimens coated with these 
coating systems is included for comparison. It can be seen from this figure that the data 
generated in this contract represents the longest Cycle I thermal fatigue lives which have been 
thus far obtained with the 7/7' - 6 alloy. 

Further inspection of Figure 59 indicates that decreasing the maximum temperature from 
1422 K (2100°F) to 1200 K (1700°F) appears to significantly improve the Cycle I thermal 
fatigue life. 

As previously indicated, the shape of the strain-temperature cycle is a significant factor. The 
NiCrAlY + Pt coated 7/7' - 6 specimen which was tested under Cycle II (700 to 1 3 1 1 K; 

A6 tm = 0-43 percent) was unfailed after 4386 cycles; post-test examination of this specimen 
indicated that the cracking was confined to the oxide scale. 

In addition, it should be noted that, for a given strain range, the coated D.S. MAR-M 200 + 

Hf specimens exhibited better Cycle I thermal fatigue lives than the coated 7/7' - 5 specimens. 


Post-test metallographic examination of NiCrAlY coated 7/7 '- 6 specimen E300, which was 
tested for 2678 cycles under Cycle I (700 to 1 3 1 1 K; =0.3 percent) conditions, indi- 
cated that oxide inclusions were present in the substrate microstructure adjacent to the pri- 
mary crack and probably contributed to crack initiation (Figures 60 and 61). Inspection of 
Table VIII indicates that oxide casting inclusions in the substrate contributed to initiation of 
the primary crack in six of the twelve 7/7^ - '5 specimens conditions. In general, the shortest 
Cycle I failure lives at a given strain range in Figure 59 are associated with initiation of the 
primary crack at this type of defect. 

Figure 60 shows the cross-section microstructure of the NiCrAlY coated 7/7' - 5 specimen 
(E300) adjacent to the primary crack and indicates that, in addition to the oxide inclusions, 
the 7/7^ - '5 microstructure was cellular and contained 5 “dendrites” which indicate that the 
columbium content of the alloy was slightly excessive. Figure 57 shows a longitudinal view 
of the specimen microstructure. A secondary crack which initiated at or near the uncoated 
internal surface is shown in this figure; it is probable that oxide inclusions or casting porosity 
may have contributed to the initiation of this crack. 

The NiGrAlY coating microstructure which developed during the 2678-cycle thermal fatigue 
test is more complex than the microstructure of the virgin coating. Briefly, the virgin NiCrAlY 
coating has a predominantly 7 (Ni solid solution) + P (NiAl) microstructure after a diffusion 
heat treatment at 1352 K. At lower temperatures, the y+p microstructure becomes unstable 
and (X (chromium) and y' (NijAl) phases precipitate. Specifically, the Ni-Cr-Al phase diagram 
(ref. 29) indicates that at 1273 K the Ni-18Cr-12Al- composition should exist as a four phase, 

7 + 7' +■ |3 + a, microstructure. At a lower temperature 1123 K, the stable coating phases 
would be predominantly y' and <x. The outer portion of the NiCrAlY coating reflects the 
cyclic precipitation and solutioning reactions which occur during thermal cycling (700 to 
1311 K); all four of the above phases appear to be present in this part of the coating (Figures 
60 and 61). In contrast, the coating adjacent to the 7/7' - 5 substrate is affected by columbium 
diffusion from the substrate and aluminum loss to the substrate; the phases present in the 
coating at this location appear to be 7, 7' and h. 
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Some secondary cracks were also initiated by pit defects in the NiCrAlY coatmg. Sorne of 
these cracks were broken open for analysis of the fracture surface with the scannmg electron 
microscope (Figure 62). It is interesting to note that the thermal fatigue crack appeared to 
be propagating faster in tiie substrate than in the coatmg. Surface crack growth data (Figure 
63) for three of these cracks in specimen E300 was obtained from plastic rephcas of the spe- 
cimen surface which were taken periodicaEy during tiie test. Crack growth rates in the 
NiCrAl Y coating were initially constant for a particular crack; the range of initial coatmg 
crack propagation rates was approximately 0. 12 to 0.20m/ cycle (4.6 x 1 0 to 7.8 x 
inch/cycle) for the three secondary cracks which were measured. 


The longer specimen life of the second NiCrAlY coated 7/7 - 6 specimen E487, which was 
unfailed after 7286 cycles of testing under Cycle I (755 to 1200 K; = 0.3 percent) 
conditions, is attributed to the lower maximum temperature and/or reduced temperature 
range as well as improved specimen quality. Unlike the previous specimen, oxide inclusions ■ 
appeared to be absent in the 7/7' - '5 substrate. In addition, examination of the series of 
surface rephcas, wliich were taken periodically during the test, indicated that the delay 
period for crack initiation at pit and flake defects in the coating was approximately 4800 to 
5600 cycles. A fracture mechanics analysis of thermal fatigue crack penetration into the 
7/7' - 5 substrate indicated that the rate of crack propagation into the substrate was also 
reduced (This analysis is discussed in greater detail later in this section.) Surface measure- 
ments of crack lengths in specimen E487 indicated that the rate of propagation, d(2b)/dN, 
of thermal fatigue cracks in the NiCrAlY coating were about 0.22 to 0.2?M/cycle; these 
coating crack propagation rates are similar to those obtained from specimen E300 (0.12 to 
0.20M/cycle). 

Post-test metallographic examination of the NiCrAlY coated 7/7 - 5 specimen E487 in- 
cheated that the coating microstructure was predominately 7, 7 and 0: (See Figure oO); this 
microstructure is thought to be the result of the lower maximum temperature (1200 K) ot 
the thermomechanical fatigue test. Figure 64 also indicates that the eutectic alloy micro- 
structure was basically lamellar with a small fraction of primary 0 phase “dendrites . 


A small thermal fatigue crack is also shown in Figure 64. This crack propagated to a depth 
of ~ 55m into the eutectic alloy and was fiUed with oxide in the substrate, ^ An oxidation 
affected zone was observed adjacent to the substrate crack. Two thermal fatigue cracks 
were broken open at the conclusion of the test in order to examine the thermal fatigue 
fracture surface. These cracks had an approximately semielhptical crack surface geometry. 

The maximum depth of coating crack propagation into the eutectic alloy substrate was 8 iM- 
The average penetration rate of this crack into the substrate (substrate crack depth/cycle 
increment between coating crack initiation and end of test) was approximately 4x10 m/ 
cycle. 

The substrate microstructure of the NiCrAlY + Pt coated 7/7' - 5 specimen E290, which was 
tested under Cycle I (700 to 1311 K; = 0.3 percent) conditions, had a lamellar struc- 
ture which contained fewer 6 “dendrites” (Figure 65); this specimen also contained 
significantly fewer oxide inclusions. It is thought that the relatively long hfe, 4486 cycles 
to a 50 percent load drop (a specimen failure criterion), was partly a result of the improved 
microstructure. Examination of surface replicas which were taken during this test indicated 
that most of the. thermal fatigue cracks,, in eluding the one that eventually resulted in specimen 
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failure, were initiated at coating pits. (One secondary thermal fatigue crack was initiated by 
substrate inclusions.) 

Inspection of Table VIII shows that specimen failures in three of the twelve coated 7/7' - 6 
specimens, which have been tested under Cycle I conditions, had the primary crack initiated 
at a defect in the overlay coating; in addition, four of the other specimens had exhibited 
coating defect initiated thermal fatigue cracks. Therefore, when significant defects in the 
7/7' - 6 substrate are absent, thermal fatigue cracks may be expected to initiate at defects in 
the coating. (The formation of pit and flake defects in overlay coatings has been discussed 
previously (ref. 30.)) 

Surface crack growth data were obtained from the replicas for several of these cracks. Crack 
growth rates in the NiCrAlY + Pt coating were also initially constant for a particular crack; 
the range of initial coating crack propagation rates was approximately 0.19 to 0.42/i/cycle 
(7.5 X 10"^ to 1 .65 X 10"^ inch/cycle). These crack growth rates are slightly faster than 
crack growth rates which were obtained for similar cracks in the NiCrAlY coating. Surface 
crack growth data is shown graphically in Figure 66 for five of these cracks. 

At the conclusion of this test, a few of the pit initiated cracks in the NiCrAlY + Pt coated 
7/7' - 5 specimen were broken open in order to examine the fracture surfaces; typical cracks 
(D and E) are shown in Figure 67. It can be seen that the coating initiated thermal fatigue 
cracks develop an approximately semielliptical geometry. Referring to Figures 66 and 67, 
it can be seen that crack D was propagating into the substrate during the period of relatively 
constant growth. (Similar thermomechanical fatigue tests of NiCoCrAlY coated D.S. 

MAR-M 200 + Hf have indicated that substrate crack initiation is approximately concurrent 
with crack initiation at through-thickness coating defects (pits and flakes) (ref. 24). 

Fracture surface and replica analysis of the largest pit initiated crack (F) indicated that it 
had propagated to a depth of 1016/x (40 mils) (the wall thickness of the specimen) when the 
crack had a surface length of approximately 3048/i (120 mils); this observation indicates 
that approximately 3200 cycles were involved in propagation of the crack from the coating- 
substrate interface to a depth, of 1016/x. 

The microstructures of two pit initiated thermal fatigue cracks are shown in Figure 68. These 
cracks are filled with oxide, and a relatively large oxidation affected zone is present around 
both cracks in the substrate. (See Figure 64 for a comparison of the crack tip microstruc- 
ture produced with a lower (1200 K) peak cycle temperature.) In the case of the larger 
crack, which is almost through the wall thickness, the 5 phase is cracking a short distance in 
front of the oxygen affected zone at the crack tip. This difference in crack propagation 
behavior is thought to be associated with the larger strain intensity factor range of the longer 
crack. 

The post-test microstructure of the NiCrAlY + Pt coating (Figure 65) adjacent to the 
7/7' - 5 substrate was similar to that of the NiCrAlY coating. As described in Section III 
(and ref. 5), the outer portion of the NiCrAlY coating was significantly altered by inter- 
diffusion with the platinum surface layer. 
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Post-test examination of the NiCrAlY + Ft coated 7 / 7 ' -5 specimen E488, which had a 
thermal fatigue life of 5270 cycles under Cycle I (755 to 1200 K; Ae^j^- 0.3 percent), 
indicated that the primary crack in the specimen was initiated at a flake defect in the coating. 
Examination of the series of surface replicas indicated that the coating crack initiation 
occurred at the flake defect after ~1500 cycles. 

Additional inspection of the thermal fatigue crack in the 7 / 7 ' - S substrate indicated that the 
fracture surface was relatively smooth to a depth of about 700p (0.028 inch), at this depth, 
the fracture surface became rougher. The surface length (2b) of the crack was approximately 
SOOOju when the substrate crack depth was 700p. Correlation of the fracture surface mea- 
surement with replica crack length measurements indicated that the transition occurred 
approximately 600 cycles before failure. It is speculated that the roughness transition on the 
fracture surface may indicate the start of 6 phase microcracking ahead of the main crack 
front. 

Metallographic examination of this NiCrAlY + Pt coated 7 / 7 ' * § specimen (Figure 69) 
indicated that the coating microstructure appeared to be predominantly 7 ' and a which is 
characteristic of NiCrAl-type coatings aged at temperatures below 1200 K. This coating 
microstructure is also observed in the “cold zones” of NiCrAlY + Pt coated burner ng spe- 
cimens tested at 1366 K (hot zone temperature) (ref. 5). The eutectic ahoy microstructure 
was basically lameUar with a small fraction of primary 8 phase “dendrites”. 

As previously mentioned, a fracture mechanics model has recently been developed to 
facihtate the analysis of coating crack propagation into superalloy substrates (ref.21). This 
model was modified by including the appropriate crack geometry correction factor for a 
semielliptical surface crack (ref. 31), to account for the observed crack shape, and used to 
estimate initial and final values of the strain intensity factor range (AKg) for the most severe 
coating initiated cracks in six y/y' - 5 specimens which were tested under Cycle I conditions. 
The calculation of the initial value of AKg assumed that the coating crack had a semicircular 
geometry when substrate cracking initiated. Geometry correction factors used in calculating 
the final values of A Kg were based on the observed crack length and depth measurements 
from the fracture surfaces. These estimated strain intensity factor range values and average 
substrate crack propagation rates are provided in Figure 70. Crack propagation rate (da/dN) 
vs. A Kg data for Cycle I (700 to 131 1 K) conditions for the y/y' - 8 alloy (ref. 4) are also 
provided for comparison. 

Further analysis of the data in Figure 70 indicated that, for Cycle I (700 to 131 1 K) con- 
ditions, a Paris (ref. 32) type crack propagation relationship, 

da/dN = 71 AKg° meter/cycle, 

could represent both types of data. Integration of this crack propagation relationship from 
the coating-substrate interface to the final crack depths of the four cracks which were con- 
sidered resulted in cycle increments for crack propagation which were within ±32 percent 
of the observed cycles; i.e.. 



^observed 32%). 

71 AK|-0 

A similar analysis of the Cycle I (755 to 1200 K) data indicates that crack propagation 
rates are about a factor of three slower under these conditions if a crack growth rate rela- 
tionship with the same exponential dependence on AK^ is assumed. 

Finally, the Cycle I (700 to 131 1 K) crack growth rate relationship was extrapolated to 
lower values of da/dN and AK^ in order to make lower strain range estimates of the number 
of cycles required to propagate a crack in a 100/n thick NiCrAlY + Pt coating from the coating- 
substrate interface to a depth of 1000/x (the wall thickness) in the 7 / 7 ' - 5 specimen; the 
estimated propagation cycles are shown in Figure 59. For a g* »en strain range, propagation 
life estimates would be longer by about a factor of three for Cycle I (755 to 1 200 K) con- 
ditions. 

V 

It should be stressed that these estimates at lower strain ranges should be used only as first 
order approximations. For example, the actual da/dN vs, AK^ relationship for the 7 / 7 ' - 5 
alloy may extrapolate to lower values of da/dN with a different (either increased or de- 
creased) dependence on the value of AK^. In addition, environmental effects may be more 
significant at very low crack propagation rates and, therefore, may invalidate the extra- 
polation of the assumed da/dN vs. AKg relationship. 

An additional observation concerning coating crack initiation is that decreasing the Cycle I 
temperature range from 700-1311 K to 7 55 - 1 200 K resulted in a significant improve- 
ment in the cycles to initiate coating cracks at pit and flake defects. For example, the cycles 
to coating crack initiation increased by factors of 3 to 13 for the NiCrAlY + Pt and NiCrAlY 
coatings, respectively, evaluated under Cycle I (755 to 1200 K; Ae.^.^^ = 0.3 percent) condi- 
tions. The improvement in crack initiation resistance is thought to be associated with de- 
creasing the magnitude of the coating-substrate thermal expansion mismatch strain range, 

ACqj, in the NiCrAlY (Ae^ reduced by ~ 0.12 percent strain) and NiCrAlY + Pt (Ae^ reduced 
by ~ 0, 1 1 percent strain) coating systems. This trend is consistent with thermomechanical 
coating crack initiation data for NiCoCrAlY coated superalloys (ref. 24); that work indicated 
that the cycles to coating crack initiation at coating defects exhibited a Coffin-Manson type 
elastic strain range versus cycles to coating crack initiation (Nj) relationship. 

Assuming that a similar relationship applies for the NiCrAlY and NiCrAlY + Pt coating 
systems, the cycles to coating crack initiation is expected to be a significant contribution 
(e.g., greater than 5000 cycles) to the fatigue life at the 0.16 percent strain range anticipated 
for an air cooled eutectic alloy turbine blade (ref. 28), 

Thus, the distinction between the total fatigue life (crack initiation and propagation) and the 
propagation life is important. At relatively low thermal strain range values, which are 
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characteristic of long life commercial gas turbine blades, the cycles required to initiate a 
coating crack can be a significant fraction of the total thermal fatigue life. Therefore, actual 
thermal fatigue lives will be expected to exceed the propagation life estimates in Figure 59. 

In summary, thermal fatigue crack initiation and propagation in coated 7 / 7 ' - 8 specimens 
have been evaluated, and the following conclusions were derived: 

• The strain-temperature cycle shape has a significant effect on coating crack 
initiation; Cycle I, which peaks tensile strains at the minimum temperature, is the 
most severe from a coatings standpoint. 

• When significant defects in the 7 / 7 ' - 8 substrate are absent, thermal fatigue cracks 
have a strong tendency to initiate at defects in the NiCrAlY + Pt and NiCrAlY 
coatings. 

• Reducing the Cycle I temperature range from 700-1311 K to 755 - 1200 K 
improves the resistance to crack initiation of NiCrAlY + Pt and NiCrAlY coatings on 
on the 7 / 7 ' - 8 alloy. 

• For a given value of AK^, the crack propagation rate in the substrate is decreased 
by a factor of about three by reducing the Cycle I temperature range from 700 - 
1311' K to 755 - 1200 K. 

• At relatively low Cycle I thermal strain ranges, the cycles required to initiate 
a crack in NiCrAlY and NiCrAlY + Pt coatings is expected to be a significant 
fraction of the total fatigue life. 

• For a given strain range, the coated D.S. MAR-M200 + Hf specimens exhibited 
better Cycle I (700 to 1 3 1 1 K) thermal fatigue lives than coated 7 / 7 ' - 8 specimens. 
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TABLE VIII 


THERMOMECHANICAL FATIGUE TEST CONDITIONS 


Specimen 

Identiflcation 

COatinx Chemistry, w/o 

Substrate 

Cycle 

Number of 
Cycles 

.^TM^ 

Comments 

E300* 

Ni-17.7Cr-12.4Al-0.17Y 

yh'-6 

1(700-1311 K) 
(800-1900° F) 

2678 

0.30 

Coating crack initiation at coating 
pits was first detected after — 409 
cycles; primary crack was initiated 







by substrate inclusions. 

E487* 

Ni-I8.9Cr-ll.5AI-0.17Y 

to 

1 (755-1200 K) 

7286 

0.30 

Crack initiation at coating defect 
occurred after ■— 5300 cycles; 







specimen had not failed when 
testing was discontinued. 

l422-69»» 

Ni-16.8Cr-ll.8AI-0.45Y 

D.S. Mar-M 
200-t-Hf 

1(700-1311 K) 

590 

59M0S3 

0.25 

0.30 

Coating crack initiation was first 
detected after — 1455 cycles; 




1084-2224 

0.35 

specimen was unfailed when testing 





2225-3277 

0.40 

was discontinued. 

E290* 

Ni-17.7Cr-12.4Al-0.17Y 
+ Pt 

7 /y-s 

1(700-1311 K) 

4486 

0.30 

Coating crack initiation was first 
detected at pit defects after — 






450 cycles. , 

E488* 

Ni-18.9Cr-ll.5Al-0.17Y 
+ Pt 

7/7'. - 6 

1(755-1200 K) 

5270 

0.30 , 

Primary crack initiated at coating 
flake after — 1500 cycles. 

E146»»* 

Ni-18.6Cr-ll.4Al-0.16Y 

■rPt 

7 / 7 ' -S 

1(700-1311 K) 

119 

0.50 

Failed due to oxide inclusions in 
substrate. 

A-74-I24*** 

Ni-18.6Cr-M.4Al-0.16V 
+ Pt 

7/7' • 6 

1 (700-1311 K) 

593 

0.50 

Failed in a cellular band in substrate. 

Ei94»»« 

Ni~18Q-'12Al~0.3Y-hPt 

7/7' - s 

1(700-1311 K) 
(800-1900°F) 

29 

0.51 

Failed due to oxide inclusions in 
substrate. 

E279*»»* 

Ni~18Cr~12Al~0.3Y + Pt 

7 / 7 ' - 8 

1(700-1311 K) 

1157 

0.33 

Failure initiation at oxide inclusion 
in substrate; secondary coating crack 
initiation at pit defects was first 
detected after 89 cycles. 

E204**** 

Ni~18Cr~12Al~0.3Y-t-Pt 

7/7' - 6 

1(700-1311 K) 

637 

0.46 

Primary crack was initiated at a 
coating pit. 

E278»»»* 

Ni~18Cr~12Al~0.3Y-(-Pt 

7/7' - s 

1(700-1311 K) 

737 

0.42 

Failure initiated at internal surface. 

E179*«»« 

Ni~18Cr~l 2A1 -0.3 Y -fPt 

7 / 7 ' - 5 

1 (700-1311 K) 

620 

0.43 

Fail'ue initiation at oxide inclusion 
in substrate. 

E342**** 

Ni"-! 8Cr~12Al~0.3Y -hPt 

7 / 7 '-6 

11(700-1311 K) 

4386 

0.43 

Unfailed; cracking confined to sur- 
face oxide scale. 

E301»*** 

Ni~18Cr~12Al~0.3Y-l-Pt 

7/7 

1 (700-1422 K) 
(800-2100°F) 

2012 

0.30 

Coating crack initiation at coating 
pit occurred after approximately 
445 cycles; primary crack was 
probably associated with oxide inclu- 








sions in substrate. 

1422-72** 

Ni- 1 7. 6Cr- 1 2.4A1-0. 27 Y 

DS Mar-M 

1(7001311 K) 

1000 

0.30 

Coating cracks initiation associated 

+ Pt 

200 + Hf 


1001-2296 

0.35 

with surface rumpling; specimen 



2297-3139 

0.40 

had not failed when testing was dis- 





31405165 

0.44 

continued. 


Theimomechanical strain range which was applied to specimen. 

* Specimen tested under Contract NAS3-18920. 

•• Data from an internal P&WA program, 

Specimen tested under Contract NAS3-1 6792. 

*••• Specimen tested under Contract F33657-71-C-0789. 


COMPRESSION TENSION 


STRAIN 



CYCLE I 


STRAIN 



CYCLE II 


Figure 58 Schematic Relationship between Thermechanical Fatigue Cycles in Substrate and Coating. 

The Zero-Strain Condition of the Coating is Set at the Maximum Temperature of the 
Thermomechanical Fatigue Cycle. 
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ESTIMATED CYCLES REQUIRED TO PROPAGATE 
CRACK IN 100m thick NiCrAlY + Pt COATING 
FROM COATING-SUBSTRATE INTERFACE TO A 
DEPTH OF 1000m INTO THE 7 / 7 '-6 (6 Cr) SUB- 
STRATE. (CYCLE!: 700 -1311 K) 
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Figure 59 Thermal Fatigue Lives of NiCrAlY and NiCrAlY + Pt Coated 7/7 - 5 and D.S. AfARM 200 
+ Hf Specimens. 
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ofNiCrAlY Coated 7/7 * 5 (^Cr) Specimen (E 300) which 
a Cycle I (700 to 1311 K: = 0.30%) Thermomechan 



Longitudinal Microstructure and Secondary Crack Morphology in NiCrAlY Coated 
7/7 - 6 (6Cr ) Specimen (E 300) which was Evaluated for 26 78 Cycles in a Cycle I ( 700 to 
1311 A; = 0.30%) Thermomechanical Fatigue Test. Oxide Inclusions and Substrate 
Porosity may have Contributed to Crack Initiation. (K-I6734) 
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Figure 62 Scanning Electron Microscope (SEM) Fracture Surface Photograph of Secondary Thermal 

Fatigue Crack in NiOAlY Coated 7 / 7 ' - 6 Specimen (E 300) which was Evaluated for 
2678 Cycles in a Cycle I (700 to 1311 K; = 0.30%) Thermomechanical Fatigue Test. 
Coating Crack Initiation was Detected after Approximately 1550 Cycles. (K-16 735) 
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Figure 63 Surface Propagation of Thermal Fatigue Cracks in NiCrAlY Coated 7 / 7 * - 5 Specimen E 300 

0.30%). 
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Figure 65 Microstructure ofNiCrAlY + Pt Coated 7 / 7 6 (6Cr) Specimen (E 290) which was Evaluated 
for 4486 Cycles in a Cycle I (700 to 1311 K: 0.30%) Thermomechanical Fatigue 

Test. 
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Figure 66 Surface Propagationof Thermal Fatigue 
= 0.30%f. 


Cracks in NiCrAlY + Pt Coated 7/7 * 5 Specimen E 290 
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Figure 6 7 Optical Fracture Surface Photographs of Secondary Thermal Fatigue Cracks D ( top) and 
E (bottom) in NiCrAlY + Pt Coated y/y - 6 Specimen (E 290) which was Evaluated for 
4486 Cycles in a Cycle I (700 to 1311 K; Ae^ = 0.30%) Thermomechanical Fatigue Test. 
Initiation of Both Coating Cracks was Detected After Approximately 450 Cycles. 

(K-16737) 



Microstructures of Pit Initiated Thermal Fatigue Cracks in NiCrAlY + Pt Coated 7 / 7 ’ - 6 
(6Cr) Specimen (E 290) which was Evaluated for 4486 Cycles in a Cycle I ( 700 to 13 1 1 K 
AexM = 0.30%) Thermomechanical Fatigue Test. An Oxidation Affected Zone Envelopes 
both Cracks. In Addition, for the Longer Crack (bottom), the 6 Phase has Started to 
Rupture Ahead of the Crack Tip. (K-I6 738) 
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CRACK GROWTH RATE, da/dN (METER/CYCLE) 
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Figure 70 


Average Cycle I Thermomechanical Fatigue Crack Propagation Rates in y/y - 8 Eutectic 
Superalloy Obtained with NiCrAlY (E 300, 487) and NiCrAlY -hPt (E 204, 279, 290,488} 
Coated Specimens are Shown with Initial and Final Values of the Strain Intensity Factor 
Range, AAcg. Data from Uncoated Specimens (E 173, 295) are Provided for Comparison. 
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Vni. ISOTHERMAL FATIGUE TESTING 

A. BACKGROUND 

Relatively severe preferential attack of the 5 phase during oxidation tests at relatively l^ow 
temperatures (873 to 1073 K) (refs. 1, % 3) indicates that root attachment surfaces of tur- 
bine blades will require protective coatings. Since blade roots operate at temperatares sigm- 
ficantly below airfoil temperatures, diffusion aluminide type coatings are not limited by over- 
temperature capability considerations. Therefore, aluminizing the blade root wlule applying 
the internal surface coating is a viable processing option. Alternatively, applying tlie airfoil 
coatings to the root surfaces may provide an acceptable solution to root coating requiremen s. 

Based on the furnace hot corrosion and burner rig test results, the Ni-18Cr-l2^-0.3Y, Ni- 
18Cr-12Al-0 34 + Pt and Ft + A1 candidate blade root coating systems were selected tor 
evaluation in isotliermal 977 K (1300°F) low cycle (LCF) and liigli cycle fatigue (HCF) 
tests. 


B. SPECIMEN PREPARATION 

Forty-two 7 / 7 6 ( 6 Cr) Krouse fatigue specimens (see Figure 71) were machined from in- 
vestment cast eutectic alloy sheets which were directionally solidified at a rate of 1.25 cm/ 
hour. Thirty-three of tliese specimens had tlie solidification axis parallel to the specimen 
axis. The other nine specimens were machined with a transverse grain orientation; i.e., tlie 
solidification direction was perpendicular to the specimen axis.^ In addition, twelve direc- 
tionally solidified (D.S.) Mar-M-200 + Hf specimens (eight longitudinal and four transverse) 
were prepared so tliat comparative data could be obtahied, 

Tliirty-nhie of tlie above specimens were coated with the NiCrAlY, NiCrAlY + Pt and Pt + A1 
candidate coating systems for the blade root. 


C. EXPERIMENTAL PROCEDURE 

Constant strain range Krouse sheet fatigue specimens were used to assess tiie fatigue charac- 
teristics of tlie candidate coating systems. Hiese tests were perfonned m fully reversed bend- 
ing [stress ratio (R) = minimum stress/maximum stress - -1] with tlie deflechon (strain) 
controlled by a variable eccentric. The initial strain range winch was applied to the specimen 
was selected such that crack initiation was unlikely duniig the first 1 0 cycles for tlie LCF 
test or 10^ cycles for the HCF test. The strain range was increased incrementally and test- 
ing of the specimen repeated u.itE tlie strain range over which coating cracking for each 
coated alloy, or substrate cracking for die uncoated alloys, was determined In some instan- 
ces the specimens were tested beyond coating crack initiation to specimen failure. Hie LCF 
tesis were conducted at a frequency of 10 Hertz, and the HCF tests were conducted a a 
frequency of 60 Hertz. Plastic replicas of die specimen surface were taken after each 10 
cycle increment (10^ cycle increment for die HCF tests) and examined at amagmfication 
of lOOX in order to detect crack initiation. 
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Post-test analyses of these specimens included both conventional metallographic examina- 
tion of coating initiated cracks as well as optical examination of the fatigue fracture surface 
of selected cracks, which were broken open to determine the extent of coating crack pene- 
tration into the eutectic alloy substrate. 

Both 7/7 '- 5 and D.S. MAR-M-200 + Hf longitudinal and transverse (directionally solidified 
grain orientation) Krouse specimens were evaluated in the coated and uncoated conditions. 
Longitudinal 7 / 7 ' -5 specimens coated with all three of the candidate coating systems were 
evaluated in the LCF test. The NiCrAlY and Pt + A1 coating systems were also evaluated on 
longitudinal and transverse 7 / 7 '- 6 specimens in HCF and LCF tests, respectively. For com- 
parative purposes, similar data were obtained for NiCrAlY coated D.S. Mar-M-200 + Hf. 
Nominal thicknesses of the NiCrAlY and NiCrAlY + Pt coating systems were 127ju; in addi- 
tion, thinner (~63 m) NiCrAlY and NiCrAlY -h Pt coating systems were also evaluated in the 
LCF evaluation of the longitudinal 7 / 7 '- 5 specimens. The Pt A1 diffusion aluminide coat- 
ing had average thicknesses in the order of 80/i. 

Of the total of 54 fatigue specimens which were prepared, 42 were tested; the other speci- 
mens were retained as spares.. 

D. RESULTS AND DISCUSSION 

Data from longitudinal LCF, transverse LCF and longitudinal HCF tests are provided in 
Tables IX, X and XI, respectively. Baseline data for the uncoated 7 / 7 6 and D. S. Mar-M- 
200 + Hf alloys are also provided in Figures 72 and 73, respectively. (Metallographic exam- 
ination of the 7/7 '- 6 specimens indicates that, in general, the material had a cellular micro- 
structure. Some of the longitudinal orientation specimens also contained a small volume 
fraction of 5 dendrites.) 

Die comparison of the cychc lives of these uncoated longitudinal grain orientation direc- 
tionally solidified alloys is shown in Figures 72 and 73 as a fiinction of the applied strain 
range; on this basis, the fatigue life at a given strain range is greater for the D.S. Mar-M 200 + 
Hf alloy than the 7 / 7 '- j5 alloy. However, if the comparison were made on the basis of stress 
range, instead of strain range, the longitudinal fatigue life of the 7 / 7 '-5 alloy would exceed 
that of the D.S. MAR-M-200 + Hf alloy ; this reversal in the fatigue life ranking occurs since 
the elastic modulus of the 7/7 '-5 alloy is approximately twice that of D. S. Mar-M-200 + Hf 
at977 K(1300°F). 

As expected, the strain range capability of both alloys is relatively low in the transverse 
orientation. The strain range of the transverse grain D.S. MAR-M-200 + Hf material was ap- 
proximately 70 percent of that for the longitudinal material for a lO'* cycle LCF life 
(Figure 73). Test data indicates that the strain range of transverse grain y/y-'- 5 is approxi- 
mately 50 percent of that for the longitudinal material value for a lO'^ cycle LCF life 
(Figure 72). 

Fatigue data for coated longitudinal orientation 7/7 '- 6 specimens are provided in Tables 
IX and XI and shown graphically in Figure 74. TTiese data indicate that the fatigue strength 
of the coated 7 / 7 6 alloy is less than that of the uncoated alloy. In contrast to the relatively 


narrow gap separating crack initiation and specimen failure for the uncoated alloy, failure 
^ of the coated specimens can occur at strain ranges which are significantly above that neces- 

sary to initiate coating cracks. The data also indicate that coating thickness is an important 
parameter. Specimens coated with thinner coatings have both a liigher strain range for coat- 
, ing crack initiation and specimen failure strains which approach that of uncoated specimens. 

Inspection of the NiCrMY and NiCrAlY + Pt coated 7/7 ' - 5 specimens indicated that initia- 
tion of cracks was associated predominantly with pit defects and, in a few instances, flake 
defects. (The formation of pit and flake defects in MCrAlY overlay coatings has been dis- 
cussed in ref. 30.) Fracture surfaces of fatigue cracks initiated by these defects are shown in 
Figure 75 for a 127M-thick NiCrAlY coated 7/7 '- 8 LCF specimen. These cracks were ini- 
tiated at the initial strain range, 0.50 percent, and propagated a short distance in the coating 
at this strain range. Examination of fatigue fracture surfaces of several cracks indicated that 
significant penetration into the 7/7 8 substrate did not occur until the specimens were 
loaded to an increased strain range of 0.55 percent. It was also noted that cracking did not 
initiate at the 0.55 percent strain range level in areas of the specimen where the coating was 
free of defects. Similar results were achieved with NiCrAlY coated specimens which were 
evaluated in the HCF test. In the first specimen, coating cracks were detected after 10 
cycles at a strain range of 0.25 percent; post-test examination of several cracks, which were 
broken open at the end of the test, indicated that the cracking was confined to the coating. 
Crack initiation in the duplicate HCF specimen was detected after 10 cycles at a strain 
range of 0.20 percent. After coating-crack initiation was detected, the specimen was tested 
for additional 10^ cycle increments witli the strain range being increased by 0.05 percent 
strain at the start of each new increment. Specimen failure did not occur until after the pe- 
cimen loading was increased to a strain range of 0.40 percent strain for 20,730 cycles, this 
relatively short failure time, however, indicated that some coating crack penetration into 
^ the substrate occurred at 0.35 percent strain. Heat tint patterns on the fracture surface sup- 

port this observation. 

Isothermal LCF, as well as thermomechanical fatigue, crack propagation rates in the 7/7 - 6 
alloy are functions of the strain (stress) intensity factor range (ref. 4). If the crack growth 
rate versus strain intensity factor range, AKg, relationship is known, it is possible to integrate 
the crack growth rate equation between an initial flaw size (e.g., the coating thickness) and 
final crack size to determine the number of cycles involved in crack propagation. It is also 
possible to determine values of AK^ for which a coating crack wUl not penetrate to a signifi- 
cant depth (e.g., 25 /jl) into a substrate during the number of cycles (e.g., 10 or 10 ) in the 
test. To a first approximation, the strain intensity factor range of a coating crack has the 
following form when the crack tip is at the coating-substrate interface: 

AKg = AAev^ 

where: Ae is the applied strain range, 

t is the coating thickness, and 

A is a constant. 
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If a strain range and coating thickness combination which will not result in significant coat- 
ing crack penetration during the available number of cycles can be calculated or (in this case) 
determined experimentally, the effect of different coating thicknesses on the failure strength 
of the 7/7 '- '5 alloy can be estimated as shown in Figure 76. It is interesting to note that, 
based on this relatively simple model, cracks in NiCrAlY coatings less than about 45fx thick 
are not predicted to significantly alter the baseline properties of the uncoated 7/7 '- 5 alloy. 
The higher HCF failure strains for the 7/7-' - ’6 specimen coated with the the thinner (approxi- 
mately 60 m thick) Pt + A1 coating are consistent with this interpretation. 

This analysis was developed witli the data from the 7/7 '- 6 specimens coated with ~127 m 
( 0.005 inch) thick NiCrAlY coatings. In order to verify the predicted results, additional 
7/7 '- 5 LCF specimens were coated with thinner (~63 m) NiCrAlY coatings. The results of 
these tests are in good agreement with the analytical estimates (see Figure 76). 

With one exception, the LCF test results of the NiCrAlY + Pt coated 7/7 ' - 6 specimens were 
also in excellent agreement with the analysis of the NiCrAlY coated specimens. Examination 
of the fracture surface of specimen 40 indicated that some propagation into the 7/7'- 5 sub- 
strate occurred at a strain range of 0.65 percent; in this particular instance, a small ~25p 
deep pit in the 7/7 '- '5 substrate slightly increased the effective size of the coating flaw which 
initiated the crack. The formation of coating flaws in conjunction with substrate pits has 
been previously described (ref. 5). 

For further comparison, after cracking was initiated in the 127m thick NiCrAlY coating on 
the longitudinal orientation D.S. MAR-M-200 + Hf specimen (No. 1 4) at a strain range of 

0. 45 percent, the specimen loading was increased for two additional 10^ cycle increments 

at strain ranges of 0.50 and 0.55 percent. Two of the cracks were broken open at this point, 
and examination indicated that the coating cracks had not penetrated into the substrate. In 
contrast, significant coating crack penetration into the y/y'- 'S substrate was observed after 
10“^ cycles at a 0.55 percent strain range. 

Propagation data was obtained for several cracks in NiCrAlY coatings from the series of sur- 
face replicas which were taken after each 10^ (or 10°) cycle increment during the LCF and 
HCF tests, respectively. Average crack propagation rates (change in coating crack length/ 
cycle increment) obtained from five NiCrAlY coated specimens are shown in Figure 77 as a 
function of the strain range, Ae, For the 127m coating thickness, the graph implies that the 
crack growth rate in the coating is constant at a given strain range and has a functionfil rela- 
tionship of the form 

A (2b) /AN = AAe® 

(for the crack growth rates and strain ranges under consideration), where A (2b) / AN is the 
crack growth rate in the coating, Ae is the strain range, and A and B are constants. Similar 
periods of initially constant crack growth rates have been observed during interrupted (for 
surface replication) isothermal fatigue tests (at a constant strain range) of CoCrAl Y coated 
D. S. MAR-M-200 + Hf specimens (ref. 33). Further inspection of this figure shows that the 
isothermal crack growth rate in the 127m thick NiCrAlY coating is not strongly dependent 
on the substrate. It should also be noted that coating thickness (t) is a significant parameter; 

1. e., the crack propagation rate is significantly slower in the 66 m thick NiCrAlY coatings. 



! 
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Similar isothermal fatigue testing with NiCoCrAlY coated specimens (ref. 22) indicated that 
the coating crack propagation rates in different thickness coatings can be expressed as 

A(2b)/AN= Aj (Aev^B 

crack propagation rates of the two thicknesses of NiCrAlY coatings are consistent with this 
relationship as shown in Figure 78. 


If pit type coating defects are the most severe defects present in the coating and if significant 
substrate defects are absent, then it is possible to estimate the number of cycles to initiate a 
“detectable” coating crack. In order to determine that the coating is cracked, a small amount 
of crack propagation must occur in the coating adjacent to the pit. For the purpose of this 
report, the detectable amount of coating crack propagation is arbitrarily defined to be 25p. 
Integrating the assumed crack growth relationship from an initial coating defect size of 2bQ 
to a detectable crack size of 2b^ + 25p provides a technique for estimating the number of 
cycles required to “initiate” a detectable coating crack; i.e.. 




25p 

Ai(AeVt)® 


Coating crack initiation lives obtained with the above integration for 66 and 127p tliick 
NiCrAl Y coatings are shown as a function of the strain range in Figure 79. The minimum 
strain ranges for coating crack propagation into the 7/7 '- 8 substrate (from Figure 76) are 
provided in this figure as a lower limit for coated specimen failure. Crack initiation and 
specimen failure data for the uncoated 7 / 7 8 alloy are also included for comparison. Thus, 
the root coating thickness (t) can be adjusted to obtain the optimum combination of oxida- 
tion/hot corrosion resistance (increased by increasing t) and fatigue resistance (increased by 
decreasing t). 

It is interesting to note that although the NiCrAlY coatings on the 7 / 7 6 and D.S. MAR-M 
200 + Hf alloys had different microstructures, the differences in coating crack propagation 
rates are small and within the same scatter band (See Figures 77 and 78). The NiCrAlY coat- 
ings on both alloys were diffusion heat treated at 1353 K for four hours in hydrogen; fol- 
lowing the diffusion heat treatment, the D.S. MAR-M-200 + Hf specimens also received the 
precipitation heat treatment (1144 K/32 hours/ air) which is required for the substrate. As 
a result, the NiCrAlY coatings on the 7 / 7 '- S specimens had a microstructure which was pre- 
dominantly composed of 7 (Ni solid solution) + (NiAl) phases (Figure 80), while the 
NiCrAlY coatings on the D.S. MAR-M-200 + Hf specimens transformed to a microstructure 
which was predominantly 7 ' (Ni 3 Al) + a (chromium) during the precipitation heat treat- 
ment (Figure 81). The temperature dependence of the NiCrAl microstructure has been i 
described previously (ref. 29). The stability of the 7 + ^ NiCrAlY microstructure on the 
7 / 7 '- 8 specimens indicates that the kinetics of the phase transormations are relatively slow 
at 977 K, the test temperature. 
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Although coating defects (pits) were present in the NiCrAlY coated transverse orientation 
7 / 7 ' - 6 specimens , these defects played no role in initiating the primary cracks which re- 
sulted in failure; in fact, the coating on the fracture surfaces was free of both pit and flake 
defects. Very small secondary cracks were initiated at pit defects in the NiCrAlY coated 
specimen (No. 22) which was tested at the larger (0.40 percent) strain range. 

In contrast, coating pits were associated with initiation of the primary cracks in the NiCrAlY 
coated transverse grain orientation D.S. MAR-M 200 + Hf specimen at a strain range of 0.35 
percent. After coating crack initiation was detected, specimen No. 27 was tested for addi- 
tional lO'^ cycle increments with the strain range being increased by 0.05 percent strain at the 
start of each new increment. The substrate was significantly cracked but not failed (in two 
pieces) after 10^ cycles at 0.50 percent strain range. Post-test fracture surface analysis indi- 
cated that the coating crack started to propagate into the substrate during the 10 cycles at 
a strain range of 0.45 percent. 

Microstructures of secondary cracks in NiCrAlY + Pt and NiCrAlY coated transverse and 
longitudinal 7 / 7 ' - 6 specimens are shown in Figure 82. Microstructures of the NiCrAlY and 
NiCrAlY + Pt coatings were similar to those of virgin coatings; this result indicates that kine- 
tics of the previously mentioned phase transformations in the NiCrAl system are relatively 
slow at 977 K (1300°F). Oxidation of the fracture surfaces in the NiCrAlY + Pt coated 
7 / 7 ' - 6 specimen (Figure 82) shows the low temperature oxidation mode of the 7/7 - 5 mate- 
rial which is characterized by preferential attack of the 5 (Ni 3 Cb) phase. Crack propagation 
in the NiCrAlY coated transverse orientation specimen was transgranular and parallel to the 

6 platelets, 

Examination of surface replicas of the Pt + A1 coated 7/7' - § specimens indicated that multi- 
ple coating cracks initiated at strain ranges above approximately 0.25 to 0.30 percent strain 
in both the LCF and HCF tests. In most (if not all) cases, the coating cracks propagated 
across the entire width of the specimens during the test. As expected, the density of coating 
cracks was greater on those specimens which were tested at the larger strain ranges. 

Post-test metallography of a specimen which was tested at a strain range of 0.45 percent for 
10 ^ cycles indicated that most, but not all, of the cracks were confined to the coating, signi- 
ficant penetration of a coating crack into the substrate to a depth of 330 m (13 mils) w^ _ 
obser\'ed in one instance (Figure 83). Similar cracking behavior was also observed in the Ft 
+ A1 coated transverse orientation 7 / 7 ' - 5 specimen which was tested at a strain range o 
0.30 percent. While most cracking was confined to the coating, one coating crack loacted 
over a grain boundary propagated a short distance into the eutectic alloy (Figure 83). 

In summary, isothermal fatigue testing and furnace hot corrosion testing (Section IV) indicates 
that 7 / 7 ' - 8 blade roots can be protected by applying either airfoil coatings (NiCrAlY or 
NiCrAlY + Pt) or the platinum modified diffusion aluminide coating (Pt + Al) to this region. 
Analysis of the test data indicates that coating thickness can be adjusted to optimize the 
resistance to hot corrosion and fatigue. 


TABLE IX 


977 K (1300®F) 10"^ CYCLE STRAIN-STEPPED LCF TESTS 
OF LONGITUDINAL GRAIN ORIENTATION 7 / 7 ' - 5 (6 Cr) AND 
MAR-M 200 + Hf DIRECTIONALLY SOLIDIFIED SUPERALLOYS 


Specimen 



Identification 

Material 


1 

7 /y^ 6 ( 6 Cr) 


2 

7 /y-«( 6 Cr) 

0 0 

3 

7 /y- 6 ( 6 Cr) 

Sa 

8 | 

4 

5 

7 / 7 ' - 6 ( 6 Cr) 
7 / 7 ' - 5 ( 6 Cr) 

6 

7 

7 / 7 ' - 6 ( 6 Cr) 
7 / 7 '-S( 6 Cr) 
7 / 7 ' - 6 ( 6 Cr) 


8 


39 

7 / 7 ' - 6 ( 6 Cr) 

as 

40 

7 / 7 ' - 5 ( 6 Cr) 


9 

7 / 7 ' - 5 ( 6 Cr) 


10 

7 / 7 '- 5 ( 6 Cr) 


11 

7 / 7 '-S( 6 Cr) 


41 

7 / 7 ' - 6 ( 6 Cr) 


42 

7 / 7 '- 6 ( 6 Ct) 


12 

D.S.MAR-M 
200 + Hf 


13 

D.S.MAR-M 
200 + Hf 


14 

D.S. MAR-M 
200 + Hf 


15 

D.S. MAR-M 
200 Hf 



Coating 

Initial 


Thickness, 

Strain 

Coating 

Microns 

Range, % 

Uncoated 

— 

0.90 

Uncoated 

— 

0.70 

Pt + Al 

76 

0.50 

Pt + Al 

58 

0.40 

Pt + Al 

90+30 

0.20 

NiCrAlY + Pt 

-127 

0.50 

NiCrAlY + Pt 

-127 

0.50 

NiCrAlY + Pt 

-127 

0.30 

NiCrAlY + Pt 

66 

0.35 

NiCrAlY + Pt 

61 

0.60 

NiCrAlY 

'-.127 

0.50 

NiCrAlY 

-127 

0.50 

NiCrAlY 

-127 

0.35 

NiCrAlY 

61 

0.35 

NiCrAlY 

66 

0.60 

Uncoated 

- 

0.85 

Uncoated 

- 

0.90 

NiCrAlY 

-127 

0.40 

NiCrAlY 

-127 

0.40 


Maximum 
Strain Range 

Strain Range 

Final 

without Crack 

at Which Cracks 

Strain 

Initiation, % 

Were Detected, % 

Range, % 



0.90 

0.90 

0.80 

0.85 

0.85 


0.50 

0.50 

. 

0.40 

0.40 

0.30 

0.35 

0.35 


0.50 

0.55 



0.50 

0.55 

0.40 

0.45 

0.45 

0.60 

0.64 

0.75 

— 

0.60 

0.70 


0.50 

0.55 



0.50 

0.55 

0.35 

0.40 

0.50 

0.65 

0.70 

0.75 

0.60 

0.65 

0.75 

0.95 

1.00 

1.05 

0.95 

1.00 

1.10 

0.40 

0.45 

0.55 

0.40 

0.45 

0.45 


Number of Cycles 
at Final Strain Range 

6,000 

7.800 

10,000 

10,000 

10,000 

7.700 

10,000 

10,000 

9.800 
4,550 

10,000 

10,000 

10,000 

7,500 

8,950 

9,300 

6.700 


10,000 

10,000 



TABLE X 


977 K (1300°F) 10^ CYCLE STRAIN^STEPPED LCF TESTS 
OF TRANSVERSE GRAIN ORIENTATION 7/7 (6Cr) AND 

MAR-M 200 + Hf DIRECTIONALLY SOLIDIFIED SUPERALLOYS 


Maximum 


Specimen 

Identiflcation 

Material 

Coating 

Coating 

Thickness, 

Microns 

Initial 
Strain 
Range, % 

Strain Range 
without Crack 
Initiation, % 

Strain Range 
at Which Cracks 
Were Detected, % 

Final 
Strain 
Range, % 

Number of Cycles 
at Final Strain Range 

16 

17 

18 

7/7' - 6 («Cr) 
7/7' - '6 (6Cr) 
7/y-6(6Cr) 

Uncoated 

Uncoatcd 

Uncoated 

— 

0.30 

0.40 

0.40 

0.45 

0.40 

0.50 

0.45 

0.40 

0.50 

jO.45 

0.40 

10,000 

2,650 

250 

19 

20 
21 

7/7'-6(6Cr) 
7/y-5(6Cr) 
7/7' - S (6Cr) 

Pt + A1 
Pt + Al 
Pt + Al 

90+30 

122 

90±30 

0.50 

0.30 

0.20 

0.30 

0.50 

0.30 

0.35 

0.50 

0.30 

0.35 

50 

10,000 

10,000 

22 

23 

7/7'-8(6Cr) 

7/7'-6(6Cr) 

NiCrAlY 

NiCrAlY 

~127 

-127 

0.20 

0.20 

0.35 

0.25 

0.40 

0.30 

0.40 

0.30 

10,000 

10,000 

24 

D.S. MAR-M 

Uncoated 

— 

0.40 

0.60 

0.65 

0.65 

20,000 

25 

200 + Hf 
D.S. MAR-M 
200 + Hf 

Uncoated 

- 

0.55 

0.70 

0.75 

0.75 

10,000 

26 

D.S. MAR-M 

NiCrAlY 

-127 

0.35 

— 

0.35 

0.45 

10,000 

27 

200 + Hf 
D.S. MAR-M 

NiCrAlY 

-127 

0.20 

0.30 

0.35 

0.50 

10,000 


200 + Hf 


TABLE XI 


977 K (1300°F) 10^ CYCLE STRAIN-STEPPED HCF TESTS 
OF LONGITUDINAL GRAIN ORIENTATION y/y' - 6 (6Cr) AND 
MAR-M 200 + Hf DIRECTIONALLY SOLIDIFIED SUPERALLOYS 








Maximum 








Coating 

Initial 

Strain Range 

Strain Rang<^ 

Final 



Specimen 



Thickness, 

Strain 

without Crack 

at Which Cracks 

Strain 

Number of Cycles 


Identification 

Material 

Coating 

Microns 

Range, % 

Initiation, % 

Were Detected, % 

Range, % 

at Final Strain Range 


28 

7/7' - 8 (6Cr) 

Uncoated 



0.40 

0.45 

0.50 

0.50 

1,000,000 


29 

7/r'-5(6Cr) 

Uncoated 

— 

0.40 

0.50 

0.55 

0.55 

677,180 


30 

7/7' - 6 (6Cr) 

Pt + Al 

56 

0.40 

— 

0.40 

0.45 

1,000,000 


31 

7/7' - '6 (6Cr) 

PttAl 

89 

0.20 

0.25 

0.30 

0.30 

1,000,000 


32 

7/7' - 6 (6Cr) 

Pt + Al 

90+30 

0.20 

0.30 

0.35 

0.40 

1,000,000 


33 

7/7'.-5 (6Cr) 

NiCrAlY 

-127 

0.20 

0.20 

0.25 

0.25 

1,000,000 


34 

7/7'-5(6Cr) 

NiCrAlY 

-127 

0.15 

0.15 

0.20 

0.40 

20,730* 


35 

D.S. MAR-M 

Uncoated 



0.45 

0.55 

0.62 

0.62 

750,000 

36 

200 +Hf 
D.S. MAR-M 
200 + Hf 

Uncoated 

- 

0.50 

0.50 

0.55 

0.60 

1.00,000 


37 

D.S. MAR-M 

NiCrAlY 

-127 

0.20 

0.35 

0.40 

0.40 

300,000 



200 + Hf 









38 

D.S. MAR-M 
200 + Hf 

NiCrAlY 

-127 

0.20 

0.25 

0.30 

0.35 

186,000 


sa 


*Some coating crack penetration into substrate probably occurred during 10^ cycles at A e = 0.35%. 
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Figure 71 Isothermal Reversed Bending (Krouse) Fatigue Specimen. 
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Figure 72 977 K( 1 300° F) Isothersnal Fatigue Data for DirectionaUy Solidified 'ihi • h ( 60 ) AUoy. 
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Figure 73 977 K (1300°F) Isothermal Fatigue Data for Directionally Solidified MAR-M 200 + Hf Alloy. 
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OPEN SYMBOL: CRACK INITIATION NOT DETECTED 
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COATING 


y/y'-<5 substrate 


CRACK 

FIRST 


COATING 


Y/y*-6 

SUBSTRATE 


CRACK PROPAGATION DURING 
FIRST 10*+ CYCLES AT Ac= 0.5^ 


PROPAGATION DURING 
ICr CYCLES AT Ae= 0.5% 


mcture Surfaces of Pit (Left) and Flake (Right) Initated Fatigue Cracks in NiCrAlY Coated 
-/7 - 6 Specimen (No. 10) Which Was Evaluated in 977 K (1300 F) LCF Test. Creating was 
onfined to the coating during the first l(f cycle increment at a strain range of0.5percerit. 
'ignificant crack penetration into the 7/7 - 6 substrate occurred during the next 
icrement at a strain range of 0.55 percent. (K-16739) 


Figure 75 


STRAIN RANGE. % 



Figure 76 Estimated Effect of NiCrAlY Coating Thickness on 977 K (1300°F) Fatigue Strength of 
y/y ■ 8 (6Cr)Alloy, 
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SURFACE CRACK GROWTH RATE. A 2b/A N (METER/CYCLE) 



Figure 77 Coating Oack Propagation Rate Versus Strain Range Data for Several Cracks in NiCrAlY Coated 
yly* > Sand D.S. MAR-M 200 + Hf Specimens Which Were Fatigue Tested at 977 K (ISOO^F). 
Note that the strain range required to achieve a given propagation rate is greater for the thinner 
coating. 
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SURFACE CRACK GROWTH RATE, A2b/AN (METER/CYCLE) 
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7/7.5 

D.S. MAR-M 200 + Hf 
D. S. MAR-M 200 + Hf 


An, CYCLES 


10 " 

10 ^ 

10 ^ 


10 ^ 

10 ^ 


Figure 78 Coating Crack Propagation Rate Data as a Function of the Strain Range (^€) Times the Square 
Root of the Coating Thickness ( for NiCrAlY Coated 7 / 7 '- 8 and D.S. MAR-M 200 +Hf 
Specimens Which Were Fatigue Tested at 977 K (1300°F). 
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66/XTHICK NiCrAlY COATING 
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OPEN symbol: CRACK INITIATION NOT DETECTED 

SOLID SYMBOL- SPECIMEN FAILED 
SOLID SYMBOL WITH ARROW: SPECIMEN CRACKED 
BUT NOT FAILED 
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PROPAGATION FROM A PIT DEFECT 


CYCLES 


Figure 79 977 K (1300° F) Isothermal Fatigue Data for NiCrAlY Coated Longitudinal Grain Orientation 
7 / 7 ' -6 (60) Directionally Solidified Eutectic A Hoy Systems. 



Figure 80 Morphology of Pit Initated Fatigue Crack in Plane ofNiCrAlY Coating on 7/7 - 6 Specimen 
(No. 11} Which Was Evaluated in 977 K ( 1300°F) LCF Test. (E-1 7887) 
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NiCrAlY + Pt CQATIMG 

LONGITUDINAL SPECIMEN (NO. 6) 

FINAL STRAIN RANGE: 0.59^ 



NiCrAlY COATING 

I/WGITUDINAL y/y SPECIMEN (NO. 9) 
FINAL STRAIN RANGE: 0.55^6 



NiCrAlY COATING 

TRANSVERSE y/y'-« SPECIMEN (NO. 23) 
FINAL STRAIN RANGE; 0.30^ 




Figure 82 Secondary Crack Microstructures in NiCrAlY + Pt and NiCrAlY Coated L^gitudinal and 

Transverse Grain Orientation y/y - 5 Specimens Which Formed During ICr Cycle LCF Tests 
at 977 K(I3(HfF). (K-I6740) 



Pt + A1 COATING 

LONGITUDINAL y/y*-5 SPECIMEN (NO. 30) 
FINAL STRAIN RANGE: 0.49^^ 


Pt + A1 COATING 

TRANSVERSE Y/Y*"* SPECIMEN (NO. 20 ) 
FINAL STRAIN RANGE: 0.30^^ 



Figure 83 


Secondary Crack Microstructures in Pt+Al Coated Longitudinal and Transverse Grain Orient^ 
tion 7/y - b Specimens Which Were Formed During 977 K (I300°F) 10^ Cycle HCF and l(f* 
Cycle LCF Tests, Respectively. (K-16741) 
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IX. CONCLUSIONS 


Burner rig cyclic oxidation, furnace cycUc hot corrosion, ductUity md 
indicated that NiCrAlY + Ft (63 to 127;a Ni-18Cr-12Al-0.3Y + 6 ji Ft) and NlQAlY (63 to 
127a Ni-18Cr-12Al-0.3Y) coatings are capable of protecting the high temperature gas-path 
surfaces of a 7/7 6 airfoil. Burner rig (Mach 0.37) testing indicated that the useful coating 

life of the 127a thick coatings exceeded 1000 hours at 1366 K (2000 F). NiCrAlY and pla 1 - 
num coating layers were applied by electron beam physical vapor deposition and sputtermg 
techniques, respectively. 

Isothermal fatigue and furnace hot corrosion tests indicated that 63/i NiCrAlY, NiCrAlY + Pt, 
and platinum modified diffusion aluminide (Pt + Al) coating systems are capable of protecting 
the relatively cooler surfaces of the blade root. 


Finally, a gas phase coating process was evaluated for diffusion aluminizing internal surfaces 
and cooling holes of air-cooled eutectic alloy turbine blades. 


A brief summary of the principal findings resulting from this program is presented below. 


• 127m thick NiCrAlY and NiCrAlY + Pt coating systems were not failed after 1005 

hours of Mach 0.37 burner rig cyclic oxidation testing at 1366 K (2000°F). 


• 63m thick NiCrAlY and NiCrAlY + Pt coating systems were not failed after 5 05 
hours of Mach 0.37 burner rig cyclic oxidation testing at 1366 K. 

• NiCrAlY and NiCrAlY + Pt coatings exhibited the best resistance to thermal fati/gue 
cracking of the coating systems which were evaluated on the 7 / 7 S alloy in the 

1 366 K cyclic oxidation burner rig tests. 

• Comparative 1 366 K cyclic oxidation burner rig testing of the candidate coating 
systems on 7/7 '- 5 and D.S. MAR-M 200 + Hf alloys indicated that thermal fa- 
tigue cracking in the NiCoCrAlY, NiCoCrAlY + Pt and NiCrAlY + Al coatings 
occurred only on the 7/7 '- 6 specimens. 

• The resistance of a coating to thennal fatigue cracking is dependent on the coat- 
ing-substrate thermal expansion mismatch strain. 

• Ni-18Cr-12Al-4Si-0.3Y and Pt + Al coating systems are limited by incipient melt- 
ing to use below 1366 K on the 7/7 - 5 alloy. 

• The oxidation resistance of NiCrAlY + Pt coated 7/7 ' - 5 specimens was not 
noticeably affected by reducing the substrate chromium content from 6 to 1 
percent. 

• Cyclic furnace hot corrosion tests at 1 172 K (1 650°F) for 250 hours indicate that 
NiCrAlY + Pt, NiCrAlY, Pt + Al, NiCoCrAlY + Pt and NiCoCrAlY coatings pro- 
vided the 7 / 7 ' - 5 alloy with significant protection against accelerated oxidation in 
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the oresence of NaoSOA- Hot corrosion failures were observed in gas phase alumimde 
and tow aluminum NiaAlY + diffusion aluminide coated y/y - 5 specimens during 
the course of these tests. 

The gas phase diffusion aluminizing process was evaluated and provided better 
coating coverage of internal surfaces and small diameter coolmg holes of eutectic 
alloy components that can be obtained with conventional pack aluminizmg pro- 
cesses. 

Ductility tests conducted at 578 K (600”F) indicated that fracture strains of all 
the coating systems evaluated on the yh '■ 8 al'ov the magnitude of antici- 

pated thermal strains (approximately 0.16 percent stram) with the possible exception 
of the Ni-18Cr-5 A1-0.3Y + diffusion aluminide system. 

Thermomechanical fatigue testing of NiCrAlY and NiCrAlY + Pt coated 7/7 - 5 
(6 Cr) specimens indicated that reducing the Cycle I temperature range from ^ 

700 - 1311 K to 755 - 1 200 K decreases the crack propagation rate into the 7/7 - 0 
substrate by a factor of about three and also increases the resistance to coating 

crack initiation. 

The cycles required to initiate thermal fatigue cracking in NiCrAlY and NCrAlY + 

Pt com?S is expected to be a si^ificant fraction of the total the^d fat^ue Ufe 

predicted for strain and temperature range conditions of an air-cooled yh 
turbine blade. 

Isothermal 977 K fatigue testing of NiCrAlY and NiCrAlY + Pt coated specimens 
indicates that the root coating thickness can be adjusted to 
tion of oxidation/hot corrosion resistance (increased by increasing coating t 
ness) and fatigue resistance (increased by decreasing coating thickness). 

The platinum modified diffusion aluminide (Pt + Al) coatingjstem is also capable 
of protecting the blade root region of eutectrc aUoy turbine blades. 


X. RECOMMENDATIONS 

Based on the results and conclusions of this program, the following courses of action are 
recommended. 

• Development of ductile overlay coating compositions with improved thermal ex- 
pansion match between the coating and the eutectic alloy is recommended to im- 
prove the thermal fatigue capability of coated eutectic aUoy systems. 

• To provide improved protection for internal surfaces of air cooled D.S. eutectic 
alloy turbine airfoils, the development of multi-element gas-phase diffusion 
coatings is recommended. 

• With the identification of the platinum modified NiCrAlY coating composition 
as a prime candidate for protecting eutectic alloy airfoils, detailed studies of 1) 
the effects of platinum and other precious metals on the protective mechanism(s) 
and 2) the impact of processing variables on coating performance are recom- 
mended. 

• Since design conditions for an advanced air cooled eutectic alloy turbine blade in- 
dicate that formation of a coating crack will constitute a significant fraction of the 
thermal fatigue life, a more detailed study of coating-substrate interactions during 
thermal fatigue should be conducted. 
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